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CHAPTER 1
Introduction
In situ (scanning) transmission electron microscopy [(S)TEM] has proven to be an out-
standing technique for investigating dynamic processes in material structures under high
resolution conditions. In general there are two approaches to perform in situ (S)TEM
experiments in the presence of gases. These are based on a differential pumping scheme
also called environmental TEM (ETEM) [1–4] and a closed cell holder [5–8]. Each has its
advantages and disadvantages as shown in detail in [9, 10].
In the differential pumping approach, the pioneering work was done by H. Hashimoto
and T. Naiki [2] in the 1950s and 1960s resulted in the development of the first reaction
specimen chamber compatible with TEM based on differential pumping. Due to refinements
carried out by Baker and co workers in the 1970s, particle mobility and carbon filament
growth could be studied [11–13]. In later ETEMs, the so called environmental-cell is
an integrated part of the microscope column, which increases the stability and thereby
the resolution. This type of setup allowed E. D. Boyes and P. L. Gai to demonstrate
a point resolution of 0.23 nm in a 0.4 hPa N2 environment in 1997 [3]. One advantage
of ETEMs is that all commercially available TEM holders such as heating holders can
be used without modifications [14, 15]. This paves the way for various kinds of in situ
investigation such as catalytic experiments [16–19], experiments on nano particles [20–22]
and crystal growth investigations [23–26]. Since then, resolution has gradually been
improved using field emission guns [27–29] and aberration correctors [30, 31]. Besides the
aforementioned advantages, the most important drawback of the ETEM relative to the
closed cell holder approach is the long gas path through which the electron beam must
pass in the upper and lower region of the specimen (around 1 cm). This limits the pressure
for high resolution investigations to around 20 hPa [32]. Furthermore, deposits of gases
can affect the microscope adversely.
In contrast, the closed cell holder approach uses specially designed TEM holders to
enclose the specimen between two electron transparent windows (e.g. C or SiN), confining
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the gas within a thin slab around the sample [5]. The holder developed by L. F. Allard
and co workers in 2012 enables the possibility of working at pressures up to 1,000 hPa and
1,000◦C. Furthermore, this type of closed cell holder can be used in different microscopes
without further modifications to the TEM column. To prove the functionality of the
developed gas cell holder, L. F. Allard and co workers investigated gold nanoparticles
revealing a point resolution of 0.29 nm. Further investigations on CuAu/TiO2 catalysts
showed that it was possible to investigate catalytic processes at elevated temperatures and
at much higher pressures compared to ETEMs [33]. This development makes high resolution
in situ TEM investigations in a specific environment and at elevated temperatures feasible
for a wide range of research [34–39].
Moreover, these pressure and temperature ranges match the growth and post-growth
annealing conditions during metal organic vapor phase epitaxy (MOVPE) and consequently,
the usage of in situ TEM holders enables the possibility of studying MOVPE processes
under high resolution conditions.
Thesis Objective
The first step for the investigations carried out in this thesis was to develop a gas storage
and transfer system. This would allow the possibility of handling toxic and phyrophoric
precursors inside the atmosphere holder designed and produced by Protochips. This setup
is capable of facilitating group V stabilized thermal annealing experiments inside a TEM
under high resolution conditions [40]. In addition, the development of a procedure for
transferring an electron transparent focused ion beam (FIB) lamella onto the thermal
e-chip was also required [41].
For the in situ TEM studies the two technologically relevant material systems Ga(N,As,P)
[42, 43] and Ga(P,Bi) [42, 44, 45] have been investigated. These compound semiconductors
are promising candidates for optoelectronic applications on Si. Ga(N,As,P) for example
could be capable of overcoming the efficiency limitations of gallium indium arsenide
phosphide ((Ga,In)(As,P)) based structures [46–48].
Unfortunately, the realization of good quality epitaxial layers of highly metastable
materials is indeed very challenging [49–53]. A successful approach to improve the
layer quality and therefore increase the optical output of these structures is post-growth
annealing [44, 54–59]. Here, the required energy is introduced by thermal annealing to
enable atomic movement and therefore rearrange wrong bonds or diffuse imperfections out
of the structure.
Nevertheless, in situ information with regards to cluster formation, desorption processes,
and material distribution within the Ga(N,As,P) and Ga(P,Bi) layer due to thermal
treatment are still missing. One possible reason for this are the complications involved in
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handling the necessary precursor gases to enable thermal annealing experiments under
MOVPE conditions i.e. without taking the incongruent desorption of group V species
into account. To overcome this issue when handling toxic and pyrophoric group III and
groupV precursors such as trimethylgallium (TMGa), tertiarybutylphospine (TBP), or
hydride based precursors, it is necessary to have an in situ system which fulfills all of the
technical- and safety-requirements of a modern MOVPE machine.
This thesis shows that it is possible to build this type of in situ system and the first
results using the setup show the possibility of gaining an in-depth understanding of growth
kinetics and thermal annealing processes of III/V semiconductors.
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CHAPTER 2
The Investigated Materials
In this chapter, the crystal structures of the investigated semiconductor materials are
discused. Subsequently, the basics of crystal growth via metal organic vapor phase epitaxy
(MOVPE) are explained. Thereafter, examples of typical group III and groupV source
molecules, which were also present during the in situ experiments, are introduced. Next,
the possible crystal defects resulting from the epitaxial growth and the effects of post-
growth thermal annealing on these defects are discussed. Finally, the model systems which
are used to demonstrate the functionality of the in situ setup are presented.
2.1 Fundamentals of Crystal Structures
The materials investigated in this work have a crystalline structure which exhibits a
periodic arrangement of atoms. This periodicity can be described by the translation vector
~R with the following form:
~R = u~a1 + v~a2 + w~a3, (2.1)
where ~a1,2,3 are basis vectors which build a unit cell and u, v and w are integers. It follows
that the characteristics of the crystal at a specific position ~r are the same as at the position
~r + ~R.
Furthermore, the model systems used for the in situ investigations are based on GaP
and Si heterostructures, therefore the focus of the following explanation will be on this
material group. Being a member of group IV of the periodic table, Si has four electrons in
its outermost shell. The three p-orbitals together with the s-orbital form four equivalent
sp3-hybrid orbitals. Therefore solid Si results from each Si forming four covalent bonds
with its neighbouring atoms. This results in a tetragonal structure with angles of 109°
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at its apexes. This arrangement is also called a diamond structure, and consists of two
face-centered cubic (fcc) sub-lattices shifted from one another by 1/4 along the [111]
plane. GaP crystallizes in the zinc blend structure, which is similar to the aforementioned
diamond structure. However, in this case one of the fcc sub-lattices is occupied with
group III atoms and the other sub-lattice is filled with group V atoms.
Figure 2.1: a) unit cell of a face-centered cubic (fcc) structure. b) the arrangement of
the atoms in a diamond structure: this consists of two fcc sub-lattices shifted from one
another by 1/4 along the [111] plane. c) crystal arrangement of the zinc blend structure.
Both sub-lattices are occupied with either group III or group V atoms.
In many cases it is useful to consider the crystal structure in momentum space. Momentum
space is defined by the basis vectors ~b1, ~b2 and ~b3 of the following form
~b1 = 2pi
~a2 × ~a3
~a1 · (~a2 × ~a3) , (2.2)
~b2 = 2pi
~a3 × ~a1
~a1 · (~a2 × ~a3) , (2.3)
~b3 = 2pi
~a1 × ~a2
~a1 · (~a2 × ~a3) . (2.4)
Consequently, the relationship between the basis vectors in real space and the reciprocal
space can be written as
~ai ·~bj = 2piδij with i, j = 1, 2, 3 and δij =
{
1 it i = j
0 it i 6= j . (2.5)
In analogy to the translation vector ~R in real space (compare 2.1), one can define the
reciprocal lattice vector ~ghkl in momentum space as follows:
~ghkl = h ·~b1 + k ·~b2 + l ·~b3 . (2.6)
2 The Investigated Materials 7
Here h, k, and l are the so-called Miller indices. Furthermore the plane (hkl) represents a
real lattice plane which is orthogonal to the reciprocal lattice vector in 2.6 and intercepts
the real axes at (~a1h ,
~a2
k ,
~a3
l ). Therefore the notation [hkl] represents a direct lattice vector
h~a1 + k~a2 + l~a3 which is the normal to the lattice planes (hkl) in a cubic lattice.
2.2 Crystal Growth via MOVPE
To gain a better understanding of the results in chapter 8, it is necessary to understand
the physical basis and limits of epitaxial growth. In addition to the small overview given
in the following text, a more detailed description can be found in [60].
The foundation of crystal growth is a substrate material which determines the in-plane
lattice constant of the epitaxial layer. After the deposited atoms reach the surface of the
substrate, they move on the surface until they find an energetically favorable position
such as a step edge. This process can be grouped into two processes: homoepitaxy and
heteroepitaxy. In homoepitaxy, the deposited atoms are identical to the substrate, whereas
in the case of heteroepitaxy, the added atoms are different from the substrate. In the case
of heteroepitaxy, one needs to take the surface energy of the individual surfaces (γA, γB)
and the surface energy of the boundary layer (γAB) into account. In doing this, and with
the knowledge that the system always acts to minimize its surface energy, one is able
to understand the single crystal growth mechanism. The relationship between the total
energy and the single surface energies can be written as
∆E = (γB + γAB − γA) · (1− δ) · C = ∆γ · (1− δ) · C . (2.7)
As mentioned above, γA and γB are the surface energies of the substrate and epitaxial
layer, respectively. γAB is the energy of the boundary layer and δ is the amount of left
over substrate surface C. Formula 2.7 already indicates that the surface energy of the
individual elements has an influence on the growth mechanism of the crystal structure.
Here one distinguishes between three main growth mechanisms:
Frank-van-der-Merwe Growth [61–63] (γA > γB + γAB)
Here, the growth is two dimensional along the step edges. The growth takes place layer by
layer.
Volmer-Weber Growth [64] (γA < γB + γAB)
As a result of the larger surface energy of the epitaxial layer, three dimensional island
growth is preferred. This often results in a rough surface and a boundary layer.
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Stranski-Krastanov Growth [65] (γA ≈ γB + γAB)
This model is a combination of the two- and three dimensional growth.
Non-Equilibrium Growth Conditions
The growth of a metastable III/V semiconductor in a non-equilibrium growth regime is
realized by partial pressures in the gas phase, which are much higher than the corresponding
equilibrium partial pressures. In the case of III/V compounds, the vapor pressure of
the group V species is higher than the vapor pressure of group III species. This fact
results in an incongruent evaporation, where the desorption of the group V atoms from
the surface is higher than the desorption of the group III atoms. To compensate for this
effect, it is necessary to add the group V precursors in excess to the reactor during growth.
Figure 2.2: Sketch of the three main growth
rate limitating factors depending on the sub-
strate temperature. [66, 67]
Under these circumstances the growth rate
is determined by the group III flux. Never-
theless, the growth temperature also plays
a significant role in the growth process. Fig-
ure 2.2 shows the dependence of logarith-
mic growth rate on the inverse substrate
temperature. Here, the three areas A, B,
and C are distinguishable. In regime (A),
where the substrate temperature is highest,
the thermal energy is high enough to allow
atoms which have already bonded to the
surface to leave the surface. The growth
rate is therefore desorption limited. In the mass transport limitation regime (B), the
growth rate is limited by the group III supply and independent from the temperature.
The limitation in regime (C) stems from the incomplete decomposition of the precursors
(compare to section 2.3) and the surface reactions [68]. Of course the three regimes shown
here are different for every material system. Nevertheless, the sketch shown in figure 2.2
illustrates that one needs to take extra care when working with materials with different
vapor pressures as was done in this work. This statement is also true for post-growth
thermal annealing experiments (compare to section 2.4).
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2.3 Group III and Group V Source Molecules
In the following section the precursors used for this study are discussed i.e. trimethylgallium
(TMGa) and tertiarybutylphosphine (TBP). In addition their bonding configurations,
melting and boiling point will be discussed. Next, a short overview of the vapor pressures of
typically used group III and group V precursors will be given. A more detailed description
of typical precursors for MOVPE processes is given in [60].
Trimethylgallium: TMGa
Figure 2.3: Sketch of the TMGa precur-
sor bonding configuration (red: Ga, grey:
C, black: H).
In this work TMGa was used as a Ga precursor
[66, 69]. The bonding in group III molecules
can be understood from the valence bond theory
of hybridized covalent bonding [70]. The incom-
plete electron shell of the atoms contains one p
and two s electrons. Thus, the three covalent
bonds between the metal and the organic rest
group are formed with a hybridized sp2 bonding
configuration. This results in a planar, trigonal
molecule with three ligands separated by 120°
angles as depicted in figure 2.3. Moreover, after
the three covalent bonds are formed, the p orbital remains unfilled. This unfilled p orbital,
lying perpendicular to the plane of the molecule is electrophilic. Further characteristics of
TMGa are a melting point of -15.8 ◦C and a boiling point of 55.8 ◦C [71]. So it is a liquid
precursor at room temperature, which allows easy handling for many applications.
One reason why TMGa was chosen instead of the also well established triethylgallium
(TEGa) for this study is the much higher vapor pressure of TMGa. Figure 2.5 a) shows
the temperature dependence of the vapor pressure of several common group III precursors
[60]. For clarity the vapor pressure dependence on temperature for TMGa is marked in
red. Furthermore the graphs shown in Figure 2.5 a) and Figure 2.5 b) indicate the general
trend that the vapor pressure is higher for lighter molecules.
A second reason why TMGa is a good candidate for the used in situ setup and the
performed investigations is the great stability of the precursor. Thus it can be stored for
indefinite periods at room temperature prior to use and is less likely to be involved in
parasitic reactions.
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Tertiarybutylphosphine: TBP
Figure 2.4: Sketch of the TBP precursor
bonding configuration (blue: P, grey: C,
black: H).
The phosphorus source used for the in situ ex-
periment was TBP [72]. The bonding in groupV
molecules is characterized by three p electrons
and two s electrons in the unfilled shell. Thus
the formation of three covalent bonds satisfies
the bonding requirements. Figure 2.4 shows the
tetragonal bonding configuration caused by the
sp3 hybridization. The butyl-group and the two
H atoms form a structure with bond angles of
approximately 109°. Atop this arrangement is
a pair of electrons forming no covalent bond.
These electrons, referred to as a "lone pair",
are important for interactions of the group V
precursor molecules with surfaces and with other molecules. Moreover, due to this ar-
rangement the molecules behave as electron donors. Further characteristics of TBP are
a melting point of 4 ◦C and a boiling point of 56.1 ◦C. So like TMGa it is a liquid at
room temperature, wich allows easy handling. The temperature dependence of vapor
pressure of several common group V precursors is depicted in Figure 2.5 b). For clarity
the corresponding TBP dependency is marked in red. The high vapor pressure of 381 hPa
at room temperature [72] as depicted in Figure 2.5 b) makes TBP very suitable for many
MOVPE processes. Moreover, it is found to be 50 % pyrolyzed at a temperature of 450 ◦C
[73], which is several hundred degrees lower than for example the pyrolysis temperature
for PH3 [73–75]. The major pyrolysis reactions are deduced to be isobutane, PH2, and PH,
with a small amount of isobutene and phosphine. As already mentioned in the previous
section, the graphs shown in Figure 2.5 a) and Figure 2.5 b) display the general trend that
the vapor pressure is higher for lighter molecules.
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Figure 2.5: The graph a) shows the temperature dependence of vapor pressure for com-
mon group III precursors. The graph b) shows the temperature dependence of vapor pres-
sure for common group V precursors [60].
2.4 Crystal Defects and Post-Growth Annealing
In reality, the grown crystals are not perfect and these imperfections can have negative
influences on the later performance and lifetime of the device. In the following, a short
overview of the different defects and the method of post-growth thermal annealing for
decreasing the number of defects in the crystal will be given.
Point defects are zero dimensional defects in the crystal lattice. One example is the
vacancy, which is a missing atom in the crystal lattice that would be occupied in a perfect
crystal. In contrast, interstitials are atoms that are located in between lattice sites of a
perfect crystal. In crystals like GaP with more than one species of atom, one atom can
occupy a lattice site of the wrong sublattice; this kind of irregularity is called an antisite
defect. Substitutional defects (impurities) are non-native atoms incorporated into the
lattice of the perfect crystal. This could be either intentional, for example, the atom could
act as donor or acceptor to increase or decrease the charge carrier density, or this could be
an undesirable defect of growth that degrades the material. The most common examples
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of impurities in MOVPE are oxygen and carbon atoms from the organic rest groups of the
precursors (compare section 2.3).
Line defects derive their name from the fact that these types of defects have a two
dimensional expansion through the crystal and the distorted atoms in the crystal lie along
a line. Some of these dislocations can relieve misfit strain in a heteroepitaxially grown
semiconductor and are therefore called misfit dislocations. A second type of dislocation,
which extends through the layer to the surface of the following interface of the crystal
structure, is referred to as a threading dislocation. Threading dislocations are often
attached to misfit dislocations.
Due to the dynamic properties of defects and dislocations in the crystal, it is possible
to reduce the amount of imperfections in the structure to a crucial point by post-growth
thermal annealing. Here, the thermal energy is supplied to enable atomic movement. This
therefore rearranges wrong bonds or diffuses imperfections out of the structure.
For Ga(N,As,P), post-growth annealing reveals an increase of the photoluminescence
(PL) intensity with rising annealing temperature [76]. Investigations performed by S. Gies
[54] and T. Wegele [57] show changes in the composition of the quantum well and a gradual
exchange of arsenic and phosphorous atoms between the Ga(N,As,P) layer and the GaP
barriers.
Growth investigations on Ga(P,Bi) on GaP carried out by L. Nattermann [56] show that
the higher growth temperature of the following GaP layer serve as a thermal annealing for
the Ga(P,Bi) layer. Due to this, the Bi accumulates within the Bi containing layer, which
results in a inhomogeneous Bi distribution. Further investigation on Ga(As,Bi) epilayers
revealed formation and phase transformation of Bi containing clusters upon annealing [77].
2.5 The Investigated Model Systems
In the following, the two model systems Ga(N,As,P) and Ga(P,Bi) are introduced. More-
over, the reason why these samples are of special interest for the in situ investigations will
be discussed and the sample structure of both samples is introduced.
Ga(N,As,P)
As shown by T. Wegele [57] in case of a complex material like Ga(N,As,P), not only
the growth temperature but also the post-growth thermal annealing procedure has a
strong impact on the layer quality. Furthermore, the annealing time and the annealing
temperature seems to have a large influence on diffusion processes within the quantum
well structure. Rapid thermal annealing (RTA) experiments carried out at annealing
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temperatures of 925◦C and above revealed pore-like spheres within the quantum well
structure.
Due to the in situ system developed in the framework of this thesis, it is possible to
investigate the aforementioned thermal annealing processes at high resolution conditions
without taking groupV desorption into account. This deeper insight enables further
improvements on the growth and post-growth annealing conditions in order to enhance
the device properties. To ensure no contribution due to post-growth thermal annealing,
the investigated sample was not thermally annealed after growth in the MOVPE machine.
Ga(N,As,P) Sample Structure
Figure 2.6: Schematic structure
of the layers of the investigated
sample.
The Ga(N,As,P) multi quantum well structure investi-
gated in this study is grown by MOVPE in a horizontal
reactor. The schematic structure and the width of the
layers can be seen in figure 2.6. GaP/Si (001) tem-
plates serve as pseudo substrates consisting of a 48 nm
thick GaP layer nucleated on an exact Si (001) substrate.
Ga(N,As,P)/GaP/(B,Ga)P heterostructures were grown
on these templates to achieve a laser integrated on Si.
To obtain a better interface quality, the growth was in-
terrupted while exposing TBP and TBAs to the surface
after every epitaxial layer. A more detailed description
of the defect-free nucleation of GaP on Si (001) and
the growth of the Ga(N,As,P)/GaP/(B,Ga)P/Si laser
structure is given in the work of Liebich et al. [42] and
Volz et al. [78]. At the end, a cap consisting of 150 nm
(B,Ga)(As,P) and 50 nm (B,Ga)P was grown on top of
the quantum well structure.
Ga(P,Bi)
Due to the possibility to deposit GaP nearly lattice matched on Si [79, 80], Ga(P,Bi) on
GaP could be a promising candidate for optoelectronic applications on Si. Investigation
performed by L. Nattermann and colleagues [58] realized MOVPE growth of Ga(P,Bi) on
GaP with Bi fractions up to 8% [53]. Nevertheless, the low growth temperature needed to
incorporate a high fraction of Bi and at the same time ensure a good layer quality is a
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major challenge. Furthermore, Bi shows the tendency to accumulate during the growth
of the following layer at higher temperatures. This behavior makes Ga(P,Bi) a perfect
candidate for in situ TEM investigations. Moreover, the information gained from the in
situ investigations allows a more detailed knowledge of the dynamic processes during the
MOVPE growth.
Ga(P,Bi) Sample Structure
Figure 2.7: Schematic
structure of the investigated
Ga(P,Bi) sample.
Like the aforementioned Ga(N,As,P) multi quantum well
structure, the Ga(P,Bi) sample was also grown by MOVPE.
The schematic structure and the layer thickness of one quan-
tum well of the repetitive structure is shown in figure 2.7.
Compared to the Ga(N,As,P) samples, the Ga(P,Bi) quan-
tum wells were grown on a GaP substrate. To ensure a good
quality GaP surface, a 250 nm thick GaP layer was grown
on top of the substrate at 675 ◦C. To enable the growth of
Ga(P,Bi), the temperature was decreased to 400 ◦C. Each
Ga(P,Bi) layer has a thickness of 55 nm and a Bi content of
0.5%, 3.2%, 3.4%, and 7.4%, respectively, and is, except for
the last GaP layer which has a thickness of 200 nm, embedded
in a 100 nm thick GaP layer grown at 625 ◦C.
CHAPTER 3
Scanning Transmission Electron Microscopy
In this chapter the fundamental interaction processes between the impinging electrons
and a crystalline sample in a scanning transmission electron microscope (STEM) will
be introduced. First, the differences between the mechanisms of elastic and inelastic
scattering are presented. To get a deeper understanding of the intensity distribution in the
shown micrographs in this work it is necessary to understand the Rutherford scattering
process in detail. Subsequent, an overview of the operating modes of magnetic lenses and
the corresponding lens aberrations will be given. Finally, the high angle annular dark field
(HAADF) image formation process using a STEM will be presented.
3.1 Mechanisms of Elastic and Inelastic Scattering
The sketch depicted in figure 3.1 a) shows the two scatter mechanisms between an isolated
atom and a high-energy electron. In the first case the electron interacts with the electron
cloud around the nucleus. Here, the small coulomb attraction results in a small deflection
angle. In the second case the electron penetrates the electron cloud and reaches the nucleus.
Due to the much larger coulomb interaction between the electron and the nucleus, the
electron will be scattered at a larger angle. It should be mentioned that both of these
interactions are not fully elastic. Nevertheless, the minor loss of energy is negligible in this
simplified picture. A more detailed description of this kind of electron-atom interaction is
given in section 3.2.
In contrast to the aforementioned elastic scattering event, the sketch depicted in figure
3.1 b) shows one of the possible inelastic interactions resulting in X-ray radiation. Here,
an impinging electron penetrates through the outer electron cloud and interacts with one
inner shell electron. If the beam electron transfers enough energy to this electron, the
electron can be freed from the attraction of the nucleus into the vacuum, leaving a hole in
the inner shell. In case of a solid it escapes above the Fermi level into the unfilled states.
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This process results in an atom in its excited state with an excess of energy. By filling
the hole with an electron from an outer shell the ionized atom can reduce energy. This
transition is accompanied by the emission of a characteristic X-ray. It should be noted
that emitting an X-ray is not the only way of reducing energy of the atom. By emitting a
so called ’Auger electron’ the atom can also reduce its energy.
Figure 3.1: The sketch a) shows the two different scatter mechanisms between an isolated
atom and a high-energy electron. The coulomb interaction with the electron cloud results
in low-angle scattering, whereas the coulombic attraction with the nucleus causes higher-
angle scattering and backscattering (Θ > 90°). The potential within the electron cloud
is always positive. The sketch depicted in b) shows a simplified model of the ionization
process resulting in X-ray radiation. Here, the electron beam transfers enough energy to
one inner shell electron to free it from the attraction of the nucleus. When the hole in the
inner shell is filled by a higher electron, characteristic X-ray emission occurs.
3.2 Rutherford Scattering
The contrast generation in HAADF images is primarily determined by electrons scattering
to high angles (> 3°). In this regime the deflection of the beam electron is best described
by Rutherford scattering [81, 82]. Ernest Rutherford (1911) described backscattering and
derived the expression for the differential cross section to high-angle scattering by the
nucleus alone as follows
σR(θ) =
e4Z2
16(4piε0E0)2
dΩ
sin4 θ2
. (3.1)
Here, Z is the atomic number, e (-1.602 × 10−19C) the elementary charge, E0 the kinetic
energy of the particles, ε0 the dielectric constant and θ the scattering angle. Equation 3.1
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ignores relativistic effects and assumes that the beam electron does not lose energy due to
inelastic processes. Accordingly, the energy of the electrons, E0 is fixed. This assumption
can be tolerated for low acceleration voltages below 100 kV. One further effect, which is
neglected in equation 3.1, is the screening of the electron cloud. By replacing the sin2(θ/2)
term with [sin2(θ/2)+ (θ0/2)2], screening is taken into account and the differential cross
section is effectively reduced and the amount of scattering is lowered. θ0 is called the
screening parameter and is given by
θ0 =
0.117Z1/3
E
1/2
0
. (3.2)
Adding relativistic and screening corrections to equation 3.1, the net result is
σR(θ) =
Z2λ4R
64pi4a20
dΩ[
sin2
(
θ
2
)
+ θ
2
0
4
]2 . (3.3)
Where λR is the relativistically corrected electron wavelength
λR =
h[
2m0eV
(
1 + eV2m0c2
)](1/2) (3.4)
and a0 the Bohr radius of the scattering atom
a0 =
h2ε0
pim0e2
. (3.5)
Here, m0 (9.109× 10−31 kg) is the rest mass of the electron, c (2.998× 108m/s) is the
speed of light in vacuum and ε0 is the dielectric constant.
The modified Rutherford cross section equation (3.3) is one of the most important
equation for understanding HAADF image generation.
3.3 Operating Modes of Magnetic Lenses
To understand the functioning of magnetic lenses, one needs to understand how an electron
behaves in a magnetic field with a strength ~B and an electric field of strength ~E. The
aforementioned electron with the charge q (= -e) will experiences the so called Lorentz
force ~F , which also depends on the velocity of the electron ~v. These factors are related
through the equation
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~F = q( ~E + ~v × ~B) = −e( ~E + ~v × ~B) . (3.6)
Because there is no electric field within the lens, the resulting Lorentz force ~F is a vector
normal to the velocity ~v and the magnetic field ~B, which are inclined to one another at an
angle Θ.
Figure 3.2: Sketch of the electron tra-
jectory in a homogeneous magnetic field.
The Lorentz force causes electrons pass-
ing through point P on the optic axis to
spiral through the field and intersect the
axis again at P’
Consequently, the force F an electron experiences
by entering a uniform magnetic field nearly 90°
to ~B is
F = evBsinΘ = evB = mv
2
r
, (3.7)
where r is the radial distance of the electron from
the optic axis and m is the mass of the electron.
Later in the manuscript it will be shown, that this
restriction of the angle Θ is an oversimplification.
After rearranging equation 3.7, the radial distance
r can be written as
r = mv
eB
. (3.8)
As already mentioned in chapter 3.2, in the con-
templation of modern TEM’s with high accelerat-
ing voltages it is imperative to take relativistically
effects into account. Therefore equation 3.8 be-
comes
r =
[
2m0E
(
1 + E2E0
)] 1
2
eB
. (3.9)
The restriction of the angle Θ to 90° leads to the
consequence that an electron which travels straight down the optic axis experience no
force and therefore is not focused. Only the deviation from Θ = 90◦ results in a force.
Therefore it is necessary to consider the two components of the velocity ~v within the
magnetic field separately. Here, ~v1 is the movement perpendicular to the magnetic field
and ~v2 is the component of the velocity parallel to ~B. Figure 3.2 shows the sketch of the
electron trajectory in a homogenous magnetic field, where v1 = v sinΘ and v2 = v cosΘ.
The resulting parallel component ~v2 leads to a motion parallel to the optic axis in the z
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direction, with z = v2t, while the perpendicular component produces circular motion with
a radius given by equation 3.8. The period of rotation Tc through the field can be related
to the cyclotron frequency ωc by
ω = 2pi
Tc
= eB
m
. (3.10)
From the aforementioned relationships one is now able to calculate the complete ray paths
through the lens. These so called paraxial (i.e. near-axial ray) equations determine the
radial distance r as well as the rotation angle Θ for an moving electron in an homogenous
magnetic field around the axis in z direction.
d2r
dz2
+ η
2B2r
2V 1/2
= 0 (3.11)
dΘ
dz
= ηB
2V 1/2
(3.12)
Here V is the accelerating voltage of the microscope and η is (e/2m0c2)1/2. One can see
from equation 3.11 that the rate of change of r along the optic axis is smaller for more
energetic electrons and furthermore larger for more intense magnetic fields within the lens.
Accordingly equation 3.12 shows that the angular rotation rate increases with increasing
field strength and decreases for more energetic electrons.
3.4 Lens Aberrations
In chapter 3.3 the basic operation principles of magnetic lenses are discussed. However
here only paraxial rays were taken into account and therefore additional errors resulting
from real lenses were not considered. These errors will be pointed out in this section.
Figure 3.3 shows sketches of the four most prominent aberrations. The most relevant
aberration in modern STEMs is the spherical aberration which is depicted in figure 3.3 a).
This effect has its origin in the inhomogeneity of the magnetic field of the lens. This
results in stronger focusing for electrons which travel further away from the optic axis
through the magnetic lens. As a result, a point object is imaged as a disk of finite size.
Conversely, this means that the ability to magnifying details is limited because the details
degrade during the imaging process. The constant Cs is called the spherical aberration
coefficient and characterises the distance between the Gaussian image plane and the plane
of least confusion for a particular lens. Furthermore the diameter of the Gaussian image
of a point formed by paraxial rays is defined as σ = CsΘ3. Astigmatism, which is depicted
in figure 3.3 b), is caused by the asymmetry of round magnetic lenses. If the lens is not
perfectly radial symmetric, the focal length varies depending on the point of entry of the
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electron into the magnetic lens. As illustrated in the corresponding sketch, an electron
coming from the point P and entering the magnetic field in the horizontal plane (red) will
result in a shorter focal length (P1) compared to the vertical plane (blue) which will result
in the focal length P2. This effect results in an elongated image of the object in each of
the mentioned planes. In addition, like spherical aberration, the chromatic aberration
(Cc) also leads to image blurring. In this case, electrons with different kinetic energies
experience a different Lorentz force within the magnetic field [83]. A sketch of the effect of
chromatic aberration is depicted in figure 3.3 d), where the different colored lines represent
the different kinetic energies of the electrons like in the light microscopy. The fourth main
aberration in electron microscopy is shown in figure 3.3 c) and is named "coma". Here,
off axis electrons propagating through various zones of the lens are focused at different
positions shifted with respect to each other in the image plane. The resulting spot size of
each focus point is different, resulting in a spot with a tail.
Figure 3.3: a) Spherical aberration with marked disk of least confusion. b) Astig-
matism with marked focal length in horizontal (red) and vertical (blue) plane of the
lens. d) Chromatic aberration for three electrons with different acceleration voltage
(Vblue>Vgreen>Vred). c) Coma shown for various electrons propagation through different
regions of the lens.
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3.5 HAADF Image Formation using a STEM
The results presented in chapter 5, 6 and 8 where acquired using a double Cs-corrected
JEOL JEM 2200FS. During the experiments the microscope was exclusively operating in
STEM-mode. The schematic ray path in STEM-mode is shown in figure 3.4. In the follow-
ing, the individual parts are explained from the top to the bottom. The JEM 2200FS has a
Figure 3.4: Schematic beam path through
the microscope in STEM-mode. Only the main
components of the image formation process are
shown.
Schottky field emission gun (FEG) as an
electron source [84]. This type of gun is
a combination of a thermionic and field
emission source. By heating a tungsten
wire at 1700K and applying a intense elec-
tric field at the same time, electrons are
extracted from the tip and form a bright
e-beam with a stable current [85]. The
following condenser lens (CL) system al-
lows the intensity of the electron beam to
be changed. Furthermore, it transfers the
beam through the condenser lens aperture
(CLA) to the spherical aberration (Cs) cor-
rector. Accordingly, the size of the CLA
determines the convergence angle of the
e-beam. To minimize the influence of aber-
rations, the semi-convergence angle was set
to 24mrad in this work [86]. After opti-
mizing the probe shape and size in the Cs
corrector, the beam gets deflected by scan
coils in a way that is rasters pixel by pixel
over the sample. Below the specimen is the ring shaped HAADF detector consisting of a
yttrium aluminum perovskite (YAP) scintillator and a light pipe made of solid quartz. A
more detailed description of these types of detectors is given in [87]. The sensitivity and
the short decay times of around 40 ns makes the YAP detectors a powerful tool for STEM
investigations.

CHAPTER 4
The In Situ System
In this chapter, firstly a detailed overview of the in situ system and the home made
gas storage locker will be given. In chapter 4.2, the procedure for pumping/purging the
two subsystems when they are not in use will be discussed. Finally, the procedure for
performing a helium leak test to ensure the tightness of the system is described step by
step in chapter 4.3.
4.1 Introduction
Figure 4.1 shows a sketch of the stainless steel line plan of the in situ setup used in this
work. On the left hand side the line plan of the manifold, which is designed and produced
by Protochips, can be seen [33]. The diameter of the pipes within the manifold is 1/4 inch.
The volume of the two experimental tanks (labeled as tank 1 and tank 2) is 0.75 l, whereas
the volume of the vacuum tank is 2 l. Vacuum coupling radiation (VCR) metal gasket face
seals (Swagelok, Cleveland, OH, USA) with silver-plated stainless steel seals are used to
connect the pipes. To evacuate either the manifold themselves or the manifold and the
gas storage locker simultaneously a computer controlled pump (labelled as P1) is installed.
A detailed workflow of how to use the pump P1 to evacuate both systems at once is given
later in the manuscript in chapter 4.2.
The holder, which is also designed and produced by Protochips, is depicted at the lower
left part of figure 4.1. The supply line which connects the manifold with the holder has a
diameter of 1/32 inch. The return line has also a diameter of 1/32 inch but is interrupted
by a capillary with a diameter of 1/64 inch. This reduction limits the flow rate within the
holder tip depending on the pressure during a flow experiment. Next to the holder tip
an enlarged side view of the assembled environmental (e)-chips with a mounted focussed
ion beam (FIB) lamella is shown. The two e-chips consist of Si with 20 nm thick electron
transparent SiN windows. Furthermore the thermal e-chip is coated with a SiC membrane,
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and varying the applied voltage across this membrane allows for precise control over the
temperature of the chip. This design allows investigation at atmospheric pressures of up to
1,000 hPa and temperatures reaching up to 1,000 °C, with a heating rate of up to 5 °C/s.
Figure 4.1: On the left hand side a sketch of the manifold line plan is shown. On the
right hand side one can see the line plan of the home made gas storage locker. In the lower
part of the figure, the holder and the schematic layout of the assembled e-chips with a
mounted TEM lamella is presented.
On the right hand side of figure 4.1, the line plan of the home made gas storage locker is
presented. As in the manifold the main stainless steal pipes have a diameter of 1/4 inch.
The unit provides three ports on the group III and group V side, respectively. These
ports are mainly for the precursor container but can also be used to connect gas bottles if
other purge and carrier gases are needed. The connection pipes between the precursor
container / gas bottles and the according port have a diameter of 1/8 inch. All connections
in the gas storage locker are welded where possible. If necessary, VCR metal gasket face
seals with silver-plated stainless steel seals are used. To evacuate the gas storage locker
separately a pump (labeled as P2) is installed. To ensure that no toxic gases are released
into the environment, a mini absorber (CS Cleaning System AG, Ismaning, Germany) is
installed in the exhaust pipe. To take fire safety into account the locker complies with
DIN 12925. This means that it is fire safe and that all openings close automatically in
case of a fire inside the locker. Furthermore, an external ventilation system ensures that
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no toxic gases are released into the air. The connection between the gas storage locker
and the manifold is realized by two 15m long pipes with a diameter of 1/8 inch. Due to
this length, one needs to take special care during the helium leak check as described later
in the manuscript in chapter 4.3. The two units form a closed system where ultra pure
nitrogen is used as a purge and carrier gas. If necessary, it is possible to switch the purge
and carrier gas to argon or an argon hydrogen mixture (4%H), respectively. To further
ensure safety during the whole process of gas transfer to the manifold and during the
experiment, the systems are monitored by gas sensors (Dräger, Lübeck, Germany).
4.2 System Pump Purge
To clean the system and reduce the oxygen level continually, it is important to pump
purge the system when it is not in use. In order to avoid the risk of a window failure
during the pump purge, it is advisable to assemble the holder with the windowless e-chips
before starting the cleaning process. To pump purge the home build gas storage locker
simultaneously to the manifold, it is necessary to manipulate the system before starting
the process. It should be mentioned that it is important to ensure that no residual gases,
which might create a dangerous mixtures, are in the gas lines connecting the manifold
with the gas storage locker. By disconnecting the electrical connection of valve S2 and
valve S3, and opening the pneumatic bypass between S1, S2 and V1, one can force the
system to open the valves S1 and S2 simultaneously with valve V1 during the pump purge
process. A detailed sketch of the system line plan and all valves is shown in figure 4.1.
After starting the pump/purge from 0.4 hPa to 1,000 hPa, the whole system gets cleaned.
To reduce carbon contamination, the holder should be stored in an evacuated pumping
station during this process.
4.3 System Leak Test
To ensure that toxic gases do not distribute into the air and to avoid oxygen contaminations
in the system, it is necessary to check the tightness of every pipe fitting periodically using
a helium-leak-test machine. To provide reliable measurements, it is recommendable to
check the gas storage locker, the manifold and the holder separately. Before connecting
the helium-leak-test machine, the system needs to be at atmospheric pressure and in
a nitrogen environment. The connection port for connecting the test device to the gas
storage locker is labelled with (LC) in figure 4.1. Due to the manual valves, one can just
follow the regular testing procedure.
The software controlled valves of the manifold need a further manipulation to enable
a leakage test of this subsystem. To realize this manipulation, one needs to connect
26 4 The In Situ System
the helium-leak-test machine to the exhaust pipe of the manifold instead of the pump
P1 (compare figure 4.1). Furthermore it is necessary to block the original pump of the
manifold with a blind flange. By starting a software controlled pump down of the whole
manifold to 0 hPa and at the same time starting the test device, one is now able to pump
down the system using the helium-leak-test machine instead of the regular pump P1.
To circumvent any error messages, it is important to start the evacuation directly after
starting the pump down in the software. After reaching the recommended vacuum, one is
now able to check the tightness of every pipe fitting of the manifold and the boom.
To shorten the gas path and therefore enable a faster and more precise measurement, it
is advisable to check the tightness of the holder separately from the rest of the system.
Therefore one need to disconnect the holder from the manifold and remove the e-chips,
so that the holder tip is open against the environment. After connecting the helium leak
check machine to the top of the pumping station and separating the upper part of the
pumping station from its pump, one is able to evacuate the pumping station and holder
by using the helium-leak-test machine. Here, it is particularly important to carefully check
the tightness of the pipe fittings of the 1/64 inch capillary.
CHAPTER 5
Experimental Preparation and Performance Check
In this chapter a detailed description of the preparation process of a TEM lamella for later
use on the thermal e-chip is given. Next, the actual task of placing the lamella at zone
axis on the thermal e-chip and removing residual tungsten from the welding of the lamella
to the thermal e-chip is described in detail. Standard FIB lamella preparation will not
be discussed here and can be found for example in [88]. Finally, the first system check is
presented in this chapter.
5.1 Preliminary E-Chip Preparation
Before loading the thermal e-chip, both chips should be carefully examined for any kind of
damage. Special care must be taken that the SiN window does not have damage or any
kind of contamination. Furthermore, one should clarify that the back sides of the chips
do not have any production faults since this is the area where the gasket is positioned
to seal the assembled cell. To ensure that the SiC membrane is in the right resistance
range and therefore a precise temperature control during the experiment is possible, one
should assemble the cell and check the resistance of the membrane before loading the
thermal e-chip. After ensuring the functionality of the thermal e-chip, both chips should
be cleaned in a plasma cleaner for around 10 minutes. This ensures, that possible left
over carbon contamination from the manufacturing process is removed. It was found that
either ArOx or pure Ar plasma works for the cleaning of the e-chips.
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5.2 Focussed Ion Beam System
The samples investigated in this study were prepared with the JIB-4601F dual beam
system produced by JEOL GmbH. A simplified sketch of the geometry of the setup is
shown in figure 5.1. The system consists of a scanning electron microscope (SEM) and a
FIB column at an angle with respect to the SEM of 53°. With the help of accelerated and
Figure 5.1: Sketch of the geometry
of the dual beam system FIB JIB-
4601F which consist of a SEM and
FIB columns at an angle of 53° with
respect to one another
focussed Ga ions within the FIB column, it is pos-
sible to precisely remove material through ion bom-
bardment. To protect the area of interest and avoid
Ga implantation, two gas injection systems (GIS)
with either carbon or tungsten are attached to the
system. The protective layer can be deposited with
both columns depending on the task. Moreover the
manipulator needle (Kleindiek Nanotechnik GmbH)
enables the operator to lift a slice of material from
any position of the sample. A detailed description
of the specific lifting and thinning process required
for in situ STEM investigation is given in [41, 88].
In addition, a detailed description of the used dual
beam system including all particularities is given in
the following section of the manuscript.
5.3 FIB Preparation and Loading Process
The SEM image in figure 5.2 a) shows the lamella welded to the TEM grid. To fit the
lamella between the two e-chips and avoid any damage to the SiN windows, the lamella has
to be thinner than 2µm in the dimension indicated by the two white arrows. Furthermore,
to ensure that the finished lamella lies precisely perpendicular to the zone axis of interest on
the thermal e-chip, one needs to ensure that the side facets of the lamella are perpendicular
to the zone axis. In this example the zone axis of interest is the [100] as indicated in
the image in figure 5.2 a). The best way to achieve this is to rotate the substrate before
deposition of the first protection layer in such a way that the zone axis of interest is
precisely aligned vertically in the SEM image as shown in the inset in figure 5.2 a). From
then on, one needs to take special care to lift the lamella without any rotation along
this axis. After welding the TEM lamella to the copper grid, which should be aligned
along the horizontal axis of the SEM image, an etching tool which etches horizontal to
the SEM image must be used to shape the lamella as shown in figure 5.2 a). As well
as the angle between the zone axis and the long axis of the lamella, one needs to align
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the angle between the zone axis and the side facets in the depth direction as indicated
in figure 5.2 b). Here, one needs to take the cone shape of the focussed Ga-beam into
account. Previous studies have revealed that the best results have been achieved by tilting
the lamella 1◦ with respect to the lower edge in the beam direction. Due to the single tilt
capability of the in situ holder, a slight error in this angle can be corrected later during
the investigation. The finished lamella with the electron transparent part in the middle
is shown in figure 5.2 c). The U-shape of the lamella with the electron transparent part
well secured between the thick regions is particularly suitable for deposition on to the
thermal e-chip. Furthermore this shape enables the possibility to weld the lamella on
three sides to the SiC membrane, which results in a very strong bond between the two
parts and therefore enables a good thermal connectivity. The SEM image d) shows the
lamella rotated 90° along its long axis. In this geometry the aforementioned side facet
of the lamella is parallel to the thermal e-chip, which is also fixed to the SEM stage. A
detailed description of the holder geometry used for this step is given in [41]. Care should
be taken to rotate the TEM grid and the attached lamella in such a way that the longer
sided facet faces down as depicted in the sketch in figure 5.2 d). By doing so, one has
a suitable edge which is in direct contact with the SiC membrane and ensures a stable
welding seam between the lamella and the membrane surface. Due to the small size of the
lamella, it is not possible to see which side is the longer one with the stereomicroscope
after removing the lamella from the FIB chamber. One must therefore correlate the front
and the back side of the TEM grid with the shorter and longer side of the lamella, before
exchanging the lamella. Due to the larger scale of the TEM grid it is possible to distinguish
the front and the back side outside the FIB. To place the lamella onto the surface of the
thermal e-chip, one needs to attach the manipulator needle as shown in figure 5.2 d). It
is essential to omit the electron transparent part of the lamella during image generation
with the Ga-beam. In order to be able to see both edges of the lamella even after the
lamella is welded to the needle and not movable, one can use the beam shift function
of the FIB to "move" around the area of interest. By doing so, one is able to first weld
the needle to the appropriate position and then "move" to the other side of the lamella
and cut it free from the TEM grid without penetrating the electron transparent region
with the Ga-beam. The SEM image in figure 5.2 e) shows the lamella slightly above its
final position on the thermal e-chip. Due to the aforementioned geometry alignment the
lamella is now perfectly parallel to the surface of the SiC membrane and one is able to
gently lay it down by aligning the electron transparent part directly over one SiN window.
As mentioned above, the cone shape of the Ga-beam introduces a larger error in the angle
between the zone axis and the surface of the lamella in depth direction (see figure 5.2 b).
To correct this misalignment the thermal e-chip is rotated in such a way that the single tilt
capability of the in situ holder can be used to correct this error. The final step consists of
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removing the manipulator needle from the lamella carefully. Throughout that process one
needs to avoid etching through the lamella and destroying the SiC membrane. The inset
in figure 5.2 e) enables a top view on the lamella. Here the brighter overlapping areas are
the tungsten depositions which holds the lamella in place. To prevent any bending during
the later heating experiments, it is recommended to weld the lamella on three sides to
the SiC membrane. Unfortunately the tungsten deposition leads to a uniform coverage of
tungsten over the whole area and this is especially undesirable in the region of the electron
transparent part of the lamella. Furthermore, the limited tilting capability of the SEM
stage does not allow the tilting of the lamella enough in Ga-beam direction to result in an
angle between the Ga-beam and the surface of around 4 ◦ − 7 ◦. To repolish the area of
interest and remove surplus tungsten, one needs to mount the thermal e-chip on a pre
tilted SEM stage (see figure 5.2 f). In addition, the chip needs to be mounted in such a
way that the electron transparent part of the lamella is facing upwards as depicted in the
inset in figure 5.2 f). By using a very low acceleration voltage and a gentle beam, one is
able to remove the excess tungsten without destroying the SiC membrane as well as the
SiN window.
Figure 5.2: SEM image a) shows a top view of the TEM lamella mounted on the copper
grid. A view of the front face of the lamella is shown in b). The finished lamella with the
electron transparent part in the middle is shown in c). Image d) shows the lamella and the
manipulator needle in the rearranged position for placement on to the thermal e-chip. Im-
age e) shows the lamella slightly above the thermal e-chip. To polish the mounted lamella,
the chip needs to be arranged as shown in the image f).
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5.4 Preliminary System and Holder Preparation
To prepare the system for an experimental session, it is first necessary to stop the pump
purge and fill all system pipes with nitrogen up to 1 atm. Furthermore, it is important to
reconnect the electrical contacts of valves S1 and S2 and disconnect the pneumatic bypass
between valves S1, S2 and V1 (see figure 4.1). As described in chapter 4.2, this home
made bypass is necessary to pump purge the whole system and the gas storage locker at
once. However, the gases can accidentally mix and harm the manifold if the bypass is not
disconnected before starting an experiment. One can now safely disconnect the holder
lines from the system and disassemble the holder tip after unloading the holder from the
pump station. To remove any leftover carbon residuals, it is recommended to plasma clean
all holder parts except the O-ring for around 10 minutes. After inspecting the O-ring, one
can assemble all parts without using any kind of vacuum grease and tighten the screws
with the torque wrench (≈ 0.53N). In the following steps the electrical contact of the SiC
membrane and the tightness of the holder must be checked. Therefore it is necessary to
plug in the holder cable and load the holder into the pump station and evacuate it. The
most reliable process to ensure the tightness of the holder is to start a pump purge of the
holder tip between (1 - 600) hPa and monitor the pressure of the pumping stage during
the cycles. If the pressure within the pumping stage stays constantly below 10−7 hPa
during the pump purge cycles one can be sure that the holder tip is sealed. To clean
the assembled cell further it is recommended to pump purge the holder for at least one
night between (0.4 - 600) hPa. During this last cleaning step it is suggested, to just pump
purge the holder cycle isolated from the rest of the system. By doing so, one ensures that
the clean system does not get in contact with contamination enclosed in the cell during
assembling. If possible, one can also set an increased temperature on the thermal e-chip
to efficiently remove any leftover carbon contamination and humidity.
5.5 Performance Check
To confirm that the procedure described above indeed facilitates the obtainment of zone-
axis orientations of cross-section samples of single crystalline specimens in a single-tilt
in situ holder, figure 5.3 a) and b) show comparable STEM images of the same sample.
Here, the STEM image depicted in figure 5.3 a) was recorded in a conventional double
tilt holder before the sample was transferred onto the thermal e-chip, whereas the STEM
image displayed in figure 5.3 b) was recorded during the in situ investigation at 220 ◦C
and 1,000 hPa of N2 environment. The crystalline structure is shown on the right hand
side of figure 5.3 a). In this image the different contrast between the Ga- and P-columns
along the [100] zone-axis is clearly visible as indicated in the inset shown in figure 5.3 a).
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Moreover, there is a strong difference in the intensity between the GaP region and the
Ga(N,As,P), which results from the high As content in the quaternary material.
As one can see in the comparable STEM image depicted in figure 5.3 b), despite the
elevated temperature, the N2 environment, and the two SiN windows which have a total
thickness of around 50 nm, it is possible to investigate the material under atomic resolution
conditions inside the single-tilt in situ holder. This proves that it is possible to achieve
zone-axis orientation of the sample through very accurate FIB preparation as presented in
the text above. However, the direct comparison of the two insets show that the contrast of
the STEM image recorded in the in situ holder becomes slightly worse and the P-columns
are not visible which may be caused by the higher background intensity and a slight mistilt
of the lamella.
Figure 5.3: (a) STEM image of a FIB lamella before depositing the lamella in the environ-
mental cell. b: STEM image of the same lamella in the cell at 220 ◦C and 1,000 hPa of N2
environment. Four unit cells are shown enlarged as an inset in both images.
CHAPTER 6
In Situ Investigations
As mentioned in section 2.4, post-growth annealing is an effective way of improving crystal
quality since it reduces the number of crystal defects. More importantly, this often leads
to an improvement in device performance. The TEM experiments presented in this
chapter should verify whether it is possible to study thermal annealing processes of III/V
semiconductors in a desired atmosphere to prevent incongruent desorption of group V
species. In doing so, the functionality of the setup will also be proven.
6.1 First In Situ Thermal Annealing Test on Ga(N,As,P)
The STEM images presented in figure 6.1 (a-c) show the Ga(N,As,P) sample during
the unstabilized thermal annealing treatment in a 10 hPa N2 environment. A detailed
explanation of the sample structure is given in chapter 2.5. The single layers of the sample
are annotated on the left hand side of the STEM image displayed in figure 6.1 a). In
this image one can clearly see that the crystalline arrangement is still intact at 400 ◦C.
Nevertheless, by comparing the STEM images depicted in figure 6.1 a) and figure 6.1 b),
significant degradation of the structure at 600 ◦C is observable. The mechanism which
causes the degradation is most likely P desorption due to incongruent desorption. This
assessment is also supported by residual Ga droplets on the surface of the lamella. During
the following experiments, the droplets move across the surface and begin to cluster on
the upper surface of the lamella (see inset in figure 6.1 b). By further increasing the
temperature up to 700 ◦C, the quantum well structure has been completely destroyed as
shown in the STEM image figure 6.1 c). In contrast to the aforementioned unstabilized
thermal annealing treatment, the STEM images depicted in figure 6.1 d) to f) show the
annealing experiment carried out in 140 hPa TBP without additional carrier gas in the
system. In this P-rich environment the P in the structure is prevented from desorbing.
By comparing the STEM images displayed in figure 6.1 d), 6.1 e) and 6.1 f), one is
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not able to see any noticeable destruction of the crystalline arrangement. Moreover, by
comparing the STEM images depicted in figure 6.1 d) and 6.1 e) one can even see a slight
improvement of the image quality in terms of the homogeneity of the contrast distribution.
This effect may be caused by desorption of the amorphous layer, which originates from
the preparation process. In summary, the comparison between the STEM images depicted
in figure 6.1 a) to c) and d) to f) show a clear difference in the sample stability between
the unstabilized and the group V stabilized thermal annealing experiment, and therefore
prove the functionality of the in situ system introduced above.
Figure 6.1: a-c: STEM images of the quantum well structure during the unstabilized
thermal annealing process in a 10 hPa N2 environment. In (a), annotated single layers
can be seen on the left hand side. At the bottom right of (b) a sub image showing Ga
droplets on the upper surface of the TEM lamella is presented. d–f: STEM images of the
comparative thermal annealing experiment in a 140 hPa TBP environment.
6.2 Quantitative Analysis of P Desorption
To further investigate group V desorption and therefore the thermal stability of the sample
depending on the environment in the in situ cell, the remaining TEM sample thickness
was measured at each temperature step in the (B,Ga)P region. The corresponding area on
the TEM lamella is marked with a dashed box in figure 6.1 d). The influence of the small
amount of B (≈ 3%) in the GaP is negligible in the analysis. The graph depicted in figure
6.2 a) shows the resulting thickness values.
It should be mentioned that the HAADF intensities were normalized with respect to the
impinging beam following the procedure described in [89]. Furthermore, the contribution
of the SiN window to the HAADF intensity was subtracted from the measured intensity
of the area of interest. The actual thickness determination was done by comparing the
intensity to complementary contrast simulations using the frozen phonon approximation
available in STEMsim [90]. It should also be noted that the influence of temperature on
6 In Situ Investigations 35
average HAADF intensity is rather small, i.e. a maximum of 0.67% of the impinging beam
intensity at a sample thickness of 200 nm. Nevertheless, the corresponding simulation
intensities were used when comparing to the experimental intensities derived from the
(B,Ga)P region.
Figure 6.2: The plot (a) shows the thickness divided by t200 ◦C depending on the temper-
ature for different environments inside the in situ holder. The black data points indicate
the thickness change of the sample during the unstabilized annealing investigation. The
red and blue data points display the thickness change of the sample during the stabilized
annealing in 140 hPa and 180 hPa TBP environments, respectively. The Arrhenius plot (b)
shows the thickness divided by t200 ◦C of the (B,Ga)P barrier as a function of the annealing
temperature for the thermal annealing experiment at 10 hPa N2 and 140 hPa TBP.
The data points presented in figure 6.2 a) show the derived thickness normalized to the
thickness of each sample at 200 ◦C (t200 ◦C) as a function of the actual temperature. The
black data points are the corresponding results for the unstabilized thermal annealing
experiment. The associated STEM images are shown in figure 6.1 a) to c). In contrast, the
red data points indicate the thickness change of the sample annealed in a 140 hPa TBP
environment (see figure 6.1 d) to f)). To allow the comparison of the sample stability as a
function of TBP pressure, the blue data points show the change of the thickness during
the thermal annealing in a 180 hPa TBP environment (corresponding STEM images not
shown here). By comparing the three processes one can see a significant difference in
the starting temperature of the sample degradation and the degradation speed of each
sample. Especially by comparing the unstabilized thermal annealing process (black data
points) with the two group V stabilized processes (red and blue data points) one can
already confirm the successful group V stabilization and therefore the functionality of
the system. Furthermore, the greater stability of the sample up to higher temperatures
with higher TBP pressure in the cell can also be confirmed by comparing the thickness
change indicated by the red and blue data points. To gain a deeper understanding of the
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actual desorption process, figure 6.2 b) shows an Arrhenius plot of the thickness divided by
t200 ◦C of the (B,Ga)P barrier as a function of the annealing temperature. The resulting
activation energies are |EA| = 0.11 eV for the sample annealed in a 10 hPa N2 environment
and |EA| = 0.28 eV for the sample annealed at 140 hPa TBP. These numbers are significantly
smaller than what Kobayashi et. al. found for GaP bulk material (|EA| = 1.18 eV). One
possible reason for the deviation is the large surface to volume ratio, which needs to
be taken into account for the thin TEM lamella. As such, the exact numbers are not
comparable. However, the increase in the activation energy resulting from the P stabilized
measurement further supports the statement that group V stabilization plays a crucial
role in thermal annealing experiments of III/V semiconductor materials with different
vapor pressures.
6.3 Thermally Introduced Bismuth Clustering in Ga(P,Bi) Layers
As already mentioned in chapter 2.5, the structural and optoelectronical properties of
Ga(P,Bi) require a detailed growth and post-growth thermal annealing characterization of
this material. L. Nattermann et. al. demonstrated how the highly metastable material
Ga(P,Bi) could be deposited by MOVPE with fractions of Bi up to 8% [53]. However, the
defect free growth of thick Ga(P,Bi) with a high fraction of Bi without forming Bi clusters
is still very challenging. One problem is the different growth temperature of the GaP layer
compared to the Ga(P,Bi) layer. To incorporate high fraction of Bi it is necessary to grow
the material at rather low temperature in terms of MOVPE of 400 ◦C. In contrast, former
studies on GaP investigating the defect density and interface quality have shown that the
optimal growth temperature of GaP is at around 625 ◦C [91]. Consequently, this results in
a thermal treatment of each Ga(P,Bi) layer during the growth of the following GaP layer
in a structured sample as is shown in chapter 2.5.
Due to the setup introduced in chapter 4 it is now possible to investigate structural
changes during a thermal treatment in situ under high resolution conditions. Moreover,
the investigations described in chapter 6.1 have proven that the setup is able to facilitate
the experiments in an environment where incongruent desorption of group V species can
be suppressed up to the growth temperature regime of MOVPE processes. It should be
pointed out that due to the large difference in the surface to bulk ratio, the absolute values
for the initial temperature at which the clustering takes place in the MOVPE process and
inside the in situ cell may vary a little and are not directly comparable. Nevertheless, the
trend is the same and therefore the investigation presented in the following sections allows
in situ investigation of a specific MOVPE process inside the TEM under high resolution
conditions.
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Figure 6.3: Plot (a) and (c) show σrel, i.e. the standard deviation of the intensity within
the ternary Ga(P,Bi) layer divided by the mean intensity of the surrounding GaP matrix,
as a function of time within the Ga(P,Bi) layer with 7.4% and 3.6% Bi, respectively. The
temperature series were carried out at 500 ◦C (black squares), 550 ◦C (red dots) and 600 ◦C
(blue triangles). The colour coded STEM images (c) show the formation of one big and two
smaller Bi clusters within the Ga(P92.6Bi7.4) layer over time
To ensure no contribution of sample degradation due to group V desorption, the results
presented in figure 6.3 are carried out under a 180 hPaTBP environment. As depicted
in figure 6.2 under this condition the sample shows no degradation up to approximately
750 ◦C. The measured standard deviation of the intensity within the ternary Ga(P,Bi)
layer divided by the mean intensity of the surrounding GaP matrix, hereinafter designated
as σrel, is a measure for the inhomogeneity of the Bi distribution of the corresponding
Ga(P,Bi) layer, as has been shown on the example of Ga(N,As,P) by Wegele and co workers
[92]. Figure 6.2 a) and c) show σrel, as a function of time within the Ga(P,Bi) layer with
a Bi fraction of 7.4% and 3.6%. For every series the temperature was kept constant for
30 and 45 minutes, respectively. The HAADF STEM images recorded during every series
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in two minute cycles are the basis for the Bi clustering study. The corresponding data for
the σrel value within the Ga(P92.6Bi7.4) layer for the three temperature steps is depicted
in plot a) in figure 6.3.
By taking a look at the data points of the 500 ◦C and 550 ◦C time series, no increase
in σrel can be observed. This leads to the conclusion that no local Bi enrichment takes
places in this temperature regime. It should be mentioned that both temperatures are
above the MOVPE growth temperature of 400 ◦C. By further increasing the temperature
to 600 ◦C one can see the influence of the temperature on σrel within the Ga(P92.6Bi7.4)
layer which originates from Bi clustering. Figure 6.3 b) show color coded STEM images
of the Bi cluster formation process over the time. It should be emphasized that post in
situ energy dispersive X-ray spectroscopy (EDX) measurements confirmed that the cluster
appearing in the STEM images consists of Bi. The time passed with respect to the start
of the experiment at which each image is recorded is indicated at the very right hand side.
Furthermore, the black lines between the plot (a) and (b) relate the STEM image with the
corresponding data point. To further clarify the initial clustering temperature depending
on the Bi fraction, plot c) in figure 6.3 shows σrel plotted agains time for a Ga(P,Bi) layer
with a fraction of 3.6% Bi. As one can see, no Bi enrichment could be observed for all
three temperature series, i.e. 500 ◦C, 550 ◦C, and 600 ◦C, respectively.
The results presented in figure 6.3 indicate that the Bi containing layer grows without Bi
clustering and the growth of the following GaP layer, which acts like a thermal treatment
for the Ga(P,Bi) layer, leading to inhomogeneity of the Bi distribution. It should be
emphasized one more time that there might be a difference between the initial cluster
temperature for the thin TEM sample compared to the bulk material in the MOVPE
machine.
6.4 First GaP Growth Experiments on Si Nanoparticles
In addition to the aforementioned stabilized thermal annealing experiment, GaP growth
on Si was also investigated in the framework of this thesis. To enable a efficient substrate
preparation, this investigation was done on Si nanoparticles. The nanoparticle were
produced by G. Mannino and co workers by inductively coupled plasma chemical vapor
deposition [93]. The electron transparent tip of one octahedral Si nanoparticle is shown in
figure 6.4 a). The orientations of the crystalline side facets are marked at the corresponding
position.
Unfortunately, the storage of the nanoparticles in isopropanol and the deposition on
the thermal e-chip in air results in a approximately 20 nm thick SiOx shell around the
crystalline core of the particles. To achieve heteroepitaxial growth on the crystalline
surface of the Si it is indispensable to remove the amorphous shell. The graph depicted
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in figure 6.4 b) shows the thickness of the amorphous SiOx layer along three sides of
one particle depending on the annealing time in an ArSiH4 (4% SiH4) environment at
1000 ◦C. As one can see it is possible to reduce the thickness of the amorphous layer by
approximately 25% within 7-8 minutes. To ensure no residual SiOx layer remains, this
cleaning procedure was carried out for one hour before starting the growth experiment.
Figure 6.4: a) TEM image of a Si nanoparticle used as Si substrate for the GaP growth
experiments on Si [93]. The crystal orientation of the side facets are labeled in the micro-
graph. b) shows the reduction of the SiOx layer depending on the annealing time in an
ArSiH4 (4% SiH4) environment at 1000 ◦C.
The results of one of the first GaP growth experiments can be seen in figure 6.5. During
this experiment, small amounts of TMGa were firstly inserted into the in situ cell and
by varying the temperature in a range of 400 ◦C to 700 ◦C, it was possible to control the
amount of decomposed TMGa. This was done until a certain amount of liquid Ga was
on top of the Si nanoparticles. After a few pump purges with ultra pure nitrogen, small
amounts of TBP were inserted into the cell and the temperature was again varied in the
range mentioned before. This procedure was repeated for varying amounts of TMGa,
TBP, and temperature until a layer was formed on the Si nanoparticles. Unfortunately,
due to the formation of a thick carbon layer during the experiment, is was not possible
to investigate the grown structure in situ under high resolution conditions. This C layer
most likely results from the precursor molecules [94].
Post in situ investigation in a standard double tilt holder should verify the exact
composition of the grown layer. Figure 6.5 a) shows the HAADF overview image of the
investigated Si nanoparticle. The grown GaP layer as well as the C layer is marked with
GaP and C, respectively. The images depicted in figure 6.5 b), c) and d) present the color
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coded EDX results of P, Ga and O. By overlaying the images shown in figure 6.5 a), b)
and c) (overlay not shown here), one can confirm that the bright layer labeled with GaP
in image a) consists of GaP. Furthermore, by overlaying the all four images depicted in
figure 6.5, one can also see that there is still a lot of oxygen contamination during the
experiment in the in situ cell.
This results prove that it is possible to investigate III/V semiconductor growth in situ
in the TEM.
Figure 6.5: a) HAADF image of the Si nanoparticle after the GaP growth experiment.
The GaP and C layers are labeled with GaP and C, respectively. b), c) and d) show the
result of the post-growth EDX measurement. The investigated atom species are indicated
at the lower left corner of the images b), c) and d).
CHAPTER 7
Summary and Outlook
This chapter sums up the needed modifications to the in situ system in order to insert po-
tentially toxic and pyrophoric III/V semiconductor precursors into the TEM. Furthermore,
the results from the experiments using this setup are summarized.
In order to handle toxic and phyrophoric precursors inside a TEM and therefore facilitate
group V stabilized thermal annealing experiments, significant changes of the original in
situ system (designed and produced by Protochips) are necessary. To further ensure
safely when storing and transfering the precursors gases from the storage container to the
manifold, a home made gas storage locker was built. Moreover, to prevent any type of
contamination and ensure no precursor distributes into the air, the locker and the manifold
form a closed system in which ultra pure N2 is used as a carrier and purge gas. If necessary
it is possible to switch to pure Ar or a ArH2 (4%H2) mixture as carrier and purge gas.
The home made gas storage locker provides three ports on the group III and group V side,
respectively. These ports are mainly for the precursor container but can also be used to
connect gas bottles if other purge and carrier gases are needed. All connections in the
gas storage locker are welded where possible. If necessary, vacuum coupling radiation
(VCR) metal gasket face seals with silver-plated stainless steel seals are used. To ensure
that no toxic gases are released into the environment, a mini absorber is installed in the
exhaust pipe. To take fire safety into account the locker complies with DIN 12925. This
means that it is fire safe and that all openings close automatically in case of a fire inside
the locker. Furthermore, an external ventilation system ensures that no toxic gases are
released into the air. To further ensure safety during the whole process of gas transfer to
the manifold and during the experiment, the systems are monitored by gas sensors.
To be able to investigate cross-sectional samples of metal organic vapor phase (MOVPE)
grown crystalline structures under atomic resolution condition inside the in situ cell holder
which has just single tilt capabilities, it is necessary to deposit a electron transparent
focussed ion beam (FIB) lamella precisely perpendicular to its zone axis on the thermal
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e-chip. To realize this geometry a reproducible FIB preparation technique was developed,
which results in a partial electron transparent lamella perfectly aligned perpendicular
to the selected zone axis. Moreover, the electron transparent part of the lamella is well
protected between the thicker areas which prevent bending of the area of interest during
the thermal treatment. The first performance checks prove that it is possible to achieve
atomic resolution due to the accurate FIB preparation presented in this work.
To check the functionality of the system and prove that it is possible to investigate
groupV stabilized thermal annealing processes under high resolution condition, two
annealing series of a Ga(N,As,P) sample were performed. During the first series N2 was
present in the in situ holder, while the second series of measurements were carried out in a
tertiarybutylphosphine (TBP) environment. The sample annealed in a TBP environment
shows favorable thermal stability up to 500 ◦C compared to the unstabilized sample, which
begins to degrade at less than 300 ◦C. Subsequent data analysis was able to track the P
desorption from the material by measuring the thickness of the sample during thermal
annealing with and without stabilization. This analysis enables the possibility to calculate
and compare the activation energy (EA) of the P for the unstabilized and groupV stabilized
thermal annealing treatment.
Further investigation on the initial Bi cluster formation temperature and the cluster
characteristic in terms of cluster size and formation time is determined by analysing the
intensity distribution within Ga(P,Bi) layers with different fractions of Bi for three tem-
perature series covering the MOVPE growth temperature regime. Due to the possibilities
of the developed setup and the gained knowledge from the P desorption experiments on
Ga(N,As,P), it was possible to study the dynamic Bi clustering processes in an environment
which ensures that the results are not distorted by any destructive behavior of the crystal
during the thermal treatment.
In addition to the groupV stabilized thermal annealing experiment, GaP growth on Si
was also investigated in the framework of this thesis. For these experiments facetted Si
nanoparticles served as the Si substrate. By annealing the particle in an ArSiH4 (4% SiH4)
environment at 1000 ◦C for one hour, it was possible to remove the amorphous SiOx shell
around the crystalline core. These first results prove that it is possible to grow GaP on Si
inside the in situ cell; nevertheless, the growth parameters need further investigation to
enable high quality growth of GaP on Si under high resolution conditions.
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7.1 Outlook
The focus of this work was to create the foundation for a new field of in situ research on
III/V semiconductor materials. With the developed system it is now possible to further
investigate MOVPE processes without the need of taking any destructive behavior of the
crystalline sample due to group V desorption into account.
In terms of in situ thermal annealing experiments the results presented in this work are
just the beginning and only scratching the surface of the potential applications. Further
investigation at even higher resolution should be possible to investigate dynamic processes
under atomic resolution conditions. Moreover, by further refinement of the FIB target
preparation and placing a dislocation exactly in the electron transparent part of the
lamella, investigation of dynamic processes of dislocation during the thermal treatment
should be possible.
Another possibility is the investigation of actual growth processes in situ under high
resolution conditions. Preliminary experiments, presented in the section 6.4 of this thesis,
have shown that it is possible to investigate GaP growth on Si. Nevertheless, a lot of open
questions concerning the amount of gas, the temperature and the substrate preparation
inside the closed in situ cell need to be answered before a controlled crystal growth is
possible.
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Abstract
A reproducible way to transfer a single crystalline sample into a gas environmental cell
holder for in situ transmission electron microscopic (TEM) analysis is shown in this study.
As in situ holders have only single-tilt capability, it is necessary to prepare the sample
precisely along a specific zone axis. This can be achieved by a very accurate focused ion
beam lift-out preparation. We show a step-by-step procedure to prepare the sample and
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Abstract: A reproducible way to transfer a single crystalline sample into a gas environmental cell holder for
in situ transmission electron microscopic (TEM) analysis is shown in this study. As in situ holders have only
single-tilt capability, it is necessary to prepare the sample precisely along a specific zone axis. This can be achieved
by a very accurate focused ion beam lift-out preparation. We show a step-by-step procedure to prepare the sample
and transfer it into the gas environmental cell. The sample material is a GaP/Ga(NAsP)/GaP multi-quantum well
structure on Si. Scanning TEM observations prove that it is possible to achieve atomic resolution at very high
temperatures in a nitrogen environment of 100,000 Pa.
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INTRODUCTION
Various functional materials require in situ information to
optimize growth conditions. Consequently, techniques
which are capable of determining the structure of materials
should also be applied during growth to study formation of
the structures under investigation. Aside from facilitating
optimization of the growth of functional materials, this also
gives important insights into growth kinetics. The number of
publications on in situ transmission electron microscopic
(TEM) techniques and studies have consequently risen
significantly in the last few years (Suzuki et al., 1998; Hugo
et al., 2003; Legros et al., 2008; Birajdar et al., 2012; Nielsen
et al., 2013; Morrow et al., 2014; Imrich et al., 2015).
Before the development of gas cell specimen holders,
in situ TEM was only possible by using environmental (E)
TEMs, which are also able to study in situ reactions under
high-resolution conditions (Boyes & Gai, 1997; Hofer et al.,
1997; Schaffer et al., 2004; Kishita et al., 2009). Nevertheless,
the most important drawback of the ETEM is the long gas
path through which the electron beam must pass in the
upper and lower region of the specimen (around 1 cm). This
limits the resolution and, consequently, the pressure limit for
high-resolution investigations is around 1,300 Pa (Allard
et al., 2012). Furthermore, deposits of precursor gases can
affect the microscope.
Closed cell holder designs were proposed to overcome
some of these disadvantages (Creemer et al., 2008; Yaguchi
et al., 2011). Advantages of the closed cell are a defined
volume of gas and a much smaller gas path through which
the electron beam must pass (around 4 µm). This enables
high-resolution imaging up to pressures of 100,000 Pa.
Furthermore, the formation of solid deposits in the TEM
column can be avoided and toxic and pyrophoric chemicals
can be used more straightforwardly than in ETEMs. The
systems are compatible with most commercially used TEMs.
Of course, there are also some disadvantages associated with
gas cell holders: due to the thickness of the holder and the
limited pole piece opening of the microscope, the measure-
ment of energy-dispersive X-ray spectroscopy is nearly
impossible. Furthermore, a window breakage under high
pressure might influence the column pressure. Due to the
single-tilt function of the holder, most of the actual work
using gas cell holders is on nanoparticles or pores (Katz et al.,
2012; Zhang et al., 2015), because the loading of the sample
onto the holder is very easy with this method and it is not
necessary to have a double-tilt holder to reach the zone axis
of crystalline specimens. Another field of research using gas
environmental cells is III/V semiconductor nanowires
(Kallesøe et al., 2012; Hillerich et al., 2013). The impossibility
of tilting gas cell holders on two axes poses severe challenges
for in situ investigations of growth on single crystalline bulk
substrates or in structured geometries. Hence, sample pre-
paration and sample loading into the gas cell has to be
optimized.
A process to prepare crystalline bulk samples by focused
ion beam (FIB) and lift out of the FIB lamella in a controlled
and reproducible way into the environmental holder
(Protochips Inc., Raleigh, NC, USA, described in more
detail in the Materials and Methods section) is shown in this
study. The establishment of this routine enabled us to obtain
high-resolution scanning TEM (STEM) images in zone-axis
orientation in a gas cell holder having only single axis tilt
capability. The samples investigated in this study are
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MATERIALS AND METHODS
The samples were prepared for STEM investigation using a
JIB 4601F (JEOL GmbH, Freising, Bayern, Germany), which
contains a scanning electron microscope (SEM) and an FIB.
In combination with a manipulator needle (Kleindiek
Nanotechnik GmbH, Reutlingen, Baden-Württemberg,
Germany), it is possible to prepare a lift-out lamella of an
area of interest in a specific crystal orientation (target
preparation). A double Cs-corrected JEOL JEM-2200 FS
operating at 200 kV was used for TEM observation. The
images were acquired in STEM mode by using a high-angle
annular dark-field detector. This provides an intuitive way to
distinguish between the different regions in the structure of
the sample. A Ga(NAsP) quantum well structure on an
Si substrate was chosen for this study. The samples were
grown by metalorganic vapor phase epitaxy. The GaP/Si
templates serve as a pseudo substrate consisting of a GaP
layer about 100 nm thick nucleated on an exactly oriented
Si (001) substrate. A more detailed description of the
defect-free nucleation of GaP on Si (001) and on the growth
of the Ga(NAsP) laser structure is given in Liebich et al.
(2011), Volz et al. (2011), and Gies et al. (2014). It is, of
course, important to examine these single crystalline samples
in a low-index zone axis for a detailed investigation of, for
example, structural changes during annealing processes.
In Situ Setup
The in situ system used is designed and produced by Pro-
tochips Inc. The atmosphere system consists of a TEM
single-tilt holder (Allard et al., 2012), a gas supply manifold,
and a control unit. The system was modified for our inves-
tigations to insert potentially toxic and pyrophoric III/V
semiconductor precursors by adding a gas storage locker.
The whole system is monitored by gas sensors to ensure
safety. Details of the modified setup will be presented
elsewhere. The parts of the system relevant to the present
study are discussed in more detail in the following section.
Figure 1a shows a sketch of the front part of the holder.
The tip of the holder is composed of two silicon environ-
mental chips (e-chips) (E) with SiN windows and a lid (A).
In combination with two O-rings (C), the chips form the
environmental cell which is sealed against the vacuum of the
microscope up to a pressure of 100,000Pa. With the help of a
ceramic membrane that covers most of the surface of the
thermal e-chip, one can control the temperature precisely up
to 1,000°C. For TEM investigation, the sample is mounted on
the thermal e-chip (Fig. 1b), which is based on an Si wafer
(300 µm thick) (F) with an SiN window (30 nm thick) in the
middle. There is a ceramic heating membrane with a thickness
of around 120 nm (H) on top of this window. The membrane
has nine holes, each with a diameter of 10 µm. The sample
needs to be placed directly over one of these holes, as will be
explained in detail later. Two gold spacers (5 µm thick) (G) on
the sides of the chip determine the later cell volume and are
used as contacts. The second chip also includes an SiN
window, which locks the cell and closes the electrical contact
(B) between the thermal e-chip and the holder. The gas
atmosphere and the temperature in the cell can be controlled
precisely with the manifold and the control unit.
RESULTS
Sample Preparation and Initial Imaging Test
A reproducible way to transfer a single crystalline FIB lamella
in a specific zone axis onto the thermal e-chip is introduced in
the following section. Any conventional FIB setup can be
used for the first steps. In our case, the FIB working stage is
modified as shown in Figure 2. First, the sample, in our case
a cleaved piece of a GaP/Si (001) wafer, is mounted with
conductive silver on the sample holder. Si exhibits distinct
cleavage planes that can be used to determine the wafer
orientation and, thus, to prepare the FIB lamella later in a
certain crystal direction (e.g., parallel to a cleavage plane).
The conventional size of FIB lamellae is around 25× 3 µm2.
Height of the lamellae ranges from 4 to 6 µm. The steps to
achieve an optimum prepared conventional cross-section FIB
lamella, including the deposition of a protection layer, the
lift-out of the lamella, and the sample mounting on the TEM
grid, is well described, for example, in the study by Schaffer
et al. (2012). It is very critical for our intended application
that the sample lays flat on the surface of the e-chip. However,
due to redeposition and the broadening of the high-intensity
Ga beam, the front and back planes of FIB lamellae are not
usually parallel to each other. In order to ascertain that the
later sample is in the zone axis and lays flat on the surface of
the e-chip, it is necessary to modify the lamella in such a way
that the front and back planes are parallel and that the planes
are exactly perpendicular to the initial surface of the sample.
This can be achieved by thinning the lamella with a gentle
beam and a tilt of around 1° into the Ga beam to compensate
for the broadening of the beam. It is essential that the entire
sample is <2 µm in thickness after the last step to make sure
that the lamella fits between the two e-chips. Otherwise, it is
possible that the lamella touches the window of the second
Figure 1. (a) Sketch of the atmosphere holder tip: (A) lid, (B)
flexible circuit, (C) O-rings, (D) brass screws, (E) e-chip pair
(Protochips Inc., Raleigh, NC, USA). b: SEM image of the
thermal e-chip. (F) Si-based chip, (G) gold spacer 5 µm thick.
(H) Electron transparent part of the chip comprised of the SiN
window and the perforated ceramic membrane.
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e-chip during assembly of the cell. This would cause the
window to break.
The easiest and most stable way to handle the finished
lamella and to protect the electron transparent part is to pre-
pare the lamella using a method similar to the H-bar method
(Giannuzzi & Stevie, 1999). This preparation results in an
electron transparent window in the middle of the lamella
(compare Fig. 3). To reduce the Ga implantation and the
damage produced by the Ga impact during preparation, it is
advisable to reduce the Ga beam energy from 30 kV to 1 kV
during the thinning process. Due to FIB preparation there
will be some Ga implantation that might affect the later
experiment. This is of course not an issue for the III/V
semiconductor samples investigated in this study. An SEM
image of the finished lamella as it can be used for STEM or
TEM investigation in the in situ holder is shown in Figure 3.
Further experiments have shown that it is also possible to
place an FIB lamella with an electron transparent tip on the
e-chip. The drawback of this preparation is that the electron
transparent part is less stable compared with the H-bar
lamella and, therefore, the transfer to the chip needs to be
executed very carefully. Nevertheless, the lamella with the
electron transparent tip shows better image quality during
STEM observation compared with lamellae prepared using
the H-bar technique. This is probably due to less
redeposition during the thinning of the electron transparent
part. The loading process is explained using the example of the
H-bar lamella in the following section.
After finishing the lamella, the working stage of the FIB
needs to be unloaded to bring the TEM grid with the mounted
lamella into position for transferring the lamella to the e-chip.
The easiest way to turn the side surface of the lamella into a
parallel position to the e-chip is to mount the TEM grid on the
FIB working stage, as shown in Figure 4. The TEM grid is fixed
in the right position by using conductive silver. Furthermore,
the conductive silver helps the avoidance of charging effects
during the next steps. It should be noted here that specific FIB
geometries and position of the manipulator needles need to be
taken into account when mounting all pieces, otherwise, a
part of the TEM grid might cover the lamella so that the
manipulator needle cannot reach the positions required. The
e-chip is mounted in the same position as the wafer was
previously mounted by using two pieces of carbon duct tape.
The window of the e-chip should not stick to the carbon duct
tape to avoid rupturing the window.
After loading the second working stage, the manipulator
needle is brought near the lamella, as shown in the SEM
image in Figure 5a. Depending on the FIB system, this needs
to be carried out under a certain angle between the FIB
working stage and the manipulator needle. In our case (JIB
4601F), the positioning of the needle is best carried out at an
angle of 53°. It is, of course, advisable not to record any image
of the electron transparent part by using the Ga beam. The
lamella is lifted with the needle from the TEM grid. Special
care should be taken to cut the lamella in an area where its
Figure 3. SEM image of the finished FIB lamella, which has a
maximum thickness of 2 µm and two parallel side-faces. The elec-
tron transparent part is protected between thicker regions of the
lamella. The structure of the lamella is marked on the right hand
side. The epitaxial layer consists of a GaP/Ga(NAsP)/GaP multi
quantum well structure.
Figure 2. Sketch of the mounted cleaved piece of a GaP/Si (001)
wafer (A) and TEM grid (B) on the FIB working stage (C). The
lamella is highlighted in red. As shown, the TEM grid must be
mounted perpendicular to the sample surface. The grid can be
fixed by using a clamp or double-sided carbon duct tape. It is
helpful to fix the sample to the FIB working stage using con-
ductive silver to avoid charging.
Figure 4. Sketch of the mounted e-chip (A) and TEM grid (B)
with the lamella on the FIB working (C) stage. The side surface of
the lamella is now in a parallel position to the e-chip.
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front and back planes are parallel and without any residue of
the tungsten deposition, otherwise, the lamella will not lay
flat on the e-chip. After the lamella is free from the TEM grid,
the lamella is moved to the right position on the e-chip. The
SEM image (Fig. 5b) shows the lamella in its final position on
the thermal e-chip. It is necessary to position the electron
transparent part of the lamella precisely over the center SiN
window of the e-chip. The transport of the lamella to the
e-chip needs to be carried out under the same angle as
the second lift-out, otherwise the lamella is not parallel to
the surface of the ceramic membrane. The largest possible
misalignment during the preparation is the tilt around the
long axis of the lamella. To compensate for that misalign-
ment, the lamella is deposited in such a way that the long axis
is perpendicular to the gold spacer. By depositing tungsten
on two to three positions on the edge of the lamella, one can
fix it to the e-chip. Removing the manipulator needle is the
last critical point. It is required to carefully etch away the
connection between the needle and the lamella without
destroying the e-chip by etching into the SiN window or
redepositing a large amount of material onto the electron
transparent part of the lamella.
It will be shown in the following section that the proce-
dure described previously indeed facilitates obtainment of
zone-axis orientations of cross-section samples of single
crystalline specimens in a single-tilt holder. Figure 6a shows an
STEM image of the Ga(NAsP) quantum well structure
embedded in GaP at atomic resolution using a conventional
double-tilt holder. This image was taken before the lamella was
transferred into the e-chip. The different contrast between the
Ga- and P-columns along the [100] zone axis is clearly visible
(compare inset Fig. 6a). Furthermore, there is a strong differ-
ence in the intensity between the GaP region and the
Ga(NAsP), which results from the high As content in the
quaternary material. Figure 6b shows the same sample at a
different region under the same magnification, but here the
sample is mounted in the environmental cell and heated at
220°C in 1,000Pa N2 environment. The temperature was set to
minimize carbon deposition during imaging. It is possible to
achieve zone-axis orientation of the sample due to the very
accurate FIB preparation. Furthermore, despite the N2
environment and the two SiN windows which have a total
thickness of around 50 nm, it is possible to observe atomic
resolution for the FIB lamella mounted on the e-chip, as
described previously. It can be seen by directly comparing both
images in Figure 6b that the contrast becomes slightly worse
and the P-columns are not visible. Deterioration of the STEM
image (Fig. 6b) is possibly due to a slight mistilt of the lamella
or the broadening of the electron beam due to the SiN
windows. As mentioned before theremight be a Ga-containing
layer on the sample due to the Ga milling process in the FIB.
The melting point for pure Ga is around 30°C (Adams et al.,
1952). Thus, heating the sample to much higher temperatures
than this leads to a melting of the implanted Ga and the
formation of liquid Ga on the surface of the lamella (observed
in our own heating experiments). This should be no problem
for Ga-containing material, but it might be a problem for
experiments with materials that interact with Ga such as Si
(Werner et al., 2014). Nevertheless, this image proves that it is
possible to investigate single crystalline structures at atomic
resolution in the environment cell in a specific zone axis.
SUMMARY AND OUTLOOK
This paper proves the possibility of transferring a single
crystalline sample in a specific zone axis on the e-chip of an
environmental cell holder by FIB lift-out. Due to the single-
tilt function of this holder, it is necessary to prepare the lift-
out lamella precisely along a specific zone axis if one is
aiming for atomic resolution investigations. This can be
Figure 5. (a) SEM image of the rotated FIB lamella with posi-
tioned manipulator needle. b: SEM image of the FIB lamella in its
final position above the SiN widows of the e-chip.
Figure 6. (a) STEM image of a FIB lamella before depositing the
lamella in the environmental cell. An exemplary unit cell is shown
enlarged as an inset. b: STEM image of the same lamella in the
cell at 220°C and 1,000 Pa of N2 environment.
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achieved by a very accurate FIB preparation. The preparation
needs to be carried out precisely perpendicular to the zone
axis and it is necessary to avoid any misalignment between
the front and back plane of the lamella. This preparation
facilitates the possibility of investigating atomic resolution
STEM observations in an e-cell holder under high pressures
and elevated temperatures. In the special case of the
Ga(NAsP), the sample starts to evaporate at temperatures
higher than 600°C. Metalorganic III/V semiconductor
precursors, which are toxic and pyrophoric, will be supplied
to the cell in future experiments. Hence, it is demonstrated
that it will be possible to investigate growth kinetics and
structure formation processes of materials in a specific
crystallographic zone axis at atomic resolution in situ.
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In Situ Thermal Annealing Transmission Electron
Microscopy (TEM) Investigation of III/V
Semiconductor Heterostructures Using a Setup for
Safe Usage of Toxic and Pyrophoric Gases
Rainer Straubinger, Andreas Beyer,* Thomas Ochs, Wolfgang Stolz, and Kerstin Volz
Faculty of Physics and Materials Science Center, Philipps-Universitat Marburg Ringgold, Hans-Meerwein-Straße 6, Marburg,
Hessen 35032, Germany
Abstract: In this study we compare two thermal annealing series of III/V semiconductor heterostructures on Si,
where during the first series nitrogen is present in the in situ holder. The second, comparative, measurement is
done in a tertiarybutylphosphine (TBP) environment. The sample annealed in a TBP environment shows
favorable thermal stability up to 500°C compared to the unstabilized sample, which begins to degrade at less than
300°C. Evaporation of P from the material is tracked qualitatively by measuring the thickness of the sample during
thermal annealing with and without stabilization. Finally, we investigate the in situ thermal annealing processes at
atomic resolution. Here it is possible to study phase separation as well as the diffusion of As from a Ga(NAsP)
quantum well in the surrounding GaP material during thermal annealing. To make these investigations possible
we developed an extension for our in situ transmission electron microscopy setup for the safe usage of toxic and
pyrophoric III/V semiconductor precursors. A commercially available gas cell and gas supply system were
expanded with a gas mixing system, an appropriate toxic gas monitoring system and a gas scrubbing system.
These components allow in situ studies of semiconductor growth and annealing under the purity conditions
required for these materials.
Key words: in situ, TEM, STEM, III/V semiconductor, stabilized thermal annealing
INTRODUCTION
In situ (scanning) transmission electron microscopy
[(S)TEM] has proven to be a suitable method to investigate
dynamic processes in material structures. The compatibility
of modern micro-electromechanical-based in situ TEM
holders with most modern TEMs makes this technique
feasible for a wide range of research. New holder designs, such
as the closed cell holder from Protochips Inc., (Morrisville,
NC, USA) have been developed. These allow investigations in
different atmospheres at pressures of up to 1,000 hPa and
temperatures of up to 1,000°C. A detailed characterization of
these holders is shown in Allard et al. (2012). The afore-
mentioned pressure and temperature ranges match the
growth and postgrowth annealing conditions during metal
organic vapor phase epitaxy (MOVPE) and, consequently, the
usage of in situ TEM holders enables the possibility of
studying MOVPE processes under high resolution condition.
The positive influence of postgrowth annealing on the
performance of devices, such as III/V dilute nitride Ga
(NAsP) heterostructures on (001) Si-substrates, is well
known and has been investigated by various ex situ techni-
ques (Buyanova et al., 2000; Kunert et al., 2006; Gies et al.,
2014). Nevertheless, III/V semiconductor growth and the
study of annealing processes under high resolution
conditions have not been widely studied in situ in TEM
(Wen et al., 2011; Diaz et al., 2012). This is possibly due to
the complications involved in handling the necessary
precursor gases. To overcome this issue when handling toxic
and pyrophoric group III and group V precursors—such as
tertiarybutylphosphine (TBP), trimethylgallium (TMGa), or
hydride based precursors—and insert these in large amounts
into the TEM, it is necessary to modify the in situ system
accordingly. After modifying the system, it is possible to
study the growth kinetics and thermal annealing processes
of III/V semiconductors. In order to do this, an in-depth
understanding of growth mechanisms and postgrowth
annealing processes of III/V semiconductor are key factors
in successfully developing new material systems.
In this paper a detailed description of the required
modifications to inject the necessary types of gases into the
atmosphere of the system (Protochips Inc., Morrisville, NC,
USA) is presented. Subsequently, the functionality of the
system is verified to show that it is possible to study the group
V stabilized annealing processes of Ga(NAsP) structures, as
well as the surrounding GaPmaterial on Si substrate, in situ in
the TEM. During one annealing series N2 is present in the
in situ holder. The comparative measurement is done in a
TBP environment. In this P-rich environment the P in the
crystal structure is prevented from evaporation. Afterwards,
the evaporation of P is quantified using the remaining TEM*Corresponding author. andreas.beyer@physik.uni-marburg.de
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sample thickness as a measure. Finally, we investigate the
structural changes in the sample at atomic resolution condi-
tions as a function of the annealing temperature.
EXPERIMENTAL METHODS
In this study a closed in situ TEM holder is used, which
consists of an e-chip paired with 20-nm thick electron-
transparent SiN windows placed between two O-rings and a
lid (Protochips Inc). The thermal e-chip is coated with a SiC
membrane, and varying the applied voltage across this
membrane allows for precise control over the temperature of
the chip. After assembly, the holder tip forms a closed cell
which is sealed against the vacuum of the TEM. This closed
cell holder design allows for observations at atmospheric
pressures of up to 1,000 hPa and temperatures reaching up to
1,000°C, with a heating rate of 5°C/s. A more detailed char-
acterization of the holder is provided in Allard et al. (2012).
In order to inject toxic and pyrophoric III/V semiconductor
precursors like TBP or TMGa into the TEM, some major
changes to the system are necessary. Figure 1a shows a sketch
of the modified system line plan. On the left hand side one
can see the line plan of the manifold and below that one can
see the holder. These were both produced by Protochips Inc.
Next to the holder tip one can see an enlarged side view of
the two e-chips, with a sample mounted on the thermal
e-chip. To achieve the best resolution the sample is mounted
in the STEM configuration. In this setup the sample is
mounted on the top SiN window in the direction of the
beam. For a better understanding of the geometry of this
setup, the electron beam direction is marked with an arrow
in Figure 1a. The manifold consists of two tanks, as shown in
Figure 1a, where tanks 1 and 2 are used for the experimental
gas and vacuum tank, respectively. Due to a lower pressure
level in the vacuum tank, the experimental gas is sucked in
from the experimental gas tank through the holder tip and
into the vacuum tank. Thus, it is possible to precisely adjust
the gas flow rate. Furthermore, it is possible to modify the
constant pressure level in the holder tip. On the right hand
side in Figure 1a, a schematic of our custom-built gas storage
locker can be seen. In order to get a better understanding of
the structure, a photo of the aforementioned gas storage
locker is shown in Figure 1b. To take fire safety into account
the locker complies with DIN 12925. This means that it is
both fire safe and that all openings close automatically in case
of a fire inside the locker. Furthermore, this functionality is
reviewed annually. The line system consists of electro-
polished stainless steel pipes with a diameter of 1/4 inch
for the main pipes and 1/8 inch for both the precursor con-
tainer connectors and the connection lines to the manifold.
As far as possible, all connections between pipes were
welded. Vacuum coupling radiation (VCR) metal gasket face
seals (Swagelok, Cleveland, OH, USA) with silver-plated
stainless steel seals were used to connect the pipes where
necessary. Before the first test run the seal integrity of the
system and every weld was tested using a helium leak
checker. A mini absorber (CS Cleaning Systems AG,
Ismaning 85737, Germany; Fig. 1b labeled as A) ensures that
no toxic gases are released into the environment. Further-
more, the locker consists of three ports on the group III line
(Fig. 1b labeled as B) and three ports on the group V line
(Fig. 1b labeled as C). The precursors are stored in stainless
steel containers (Fig. 1b labeled as F). To ensure safety and
to stay below the German MAK level, the maximum level of
gas allowed in the air per cubic meter, the containers are only
filled with a gas phase up to a pressure compatible with
the MAK values for the room size used. The precursor gases
Figure 1. A sketch of the modified system line plan is shown in (a). On the left hand side one can see the line plan of
the manifold and below the holder, which are designed and produced by Protochips Inc. Next to the holder tip one can
see an enlarged side view of the two e-chips with mounted sample on the thermal e-chip. On the right hand side one
can see our custom-built gas storage locker. b: Photo of the custom-built gas storage locker with connected gas bottles
and precursor containers.
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are transfilled up to the desired level into the stainless steel
containers in anMOVPEmachine. The pump (Fig. 1 labeled as
E) in the gas storage locker is used to evacuate all gas lines of
the custom-built system. In addition, an external ventilation
system ensures that no toxic gases distribute in the air. The
manifold and locker form a closed system in which high-
purity N2 is used as carrier and purge gas. If necessary, it is
possible to switch the carrier gas to pure argon (Fig. 1b
labeled as D) or an Ar/H2 (Fig. 1b labeled as D) mixture
(4% H2). The overall system is monitored by gas sensors
(Dräger, Lübeck, Germany) to ensure safety. On conclusion of
the experiment, the whole system is cleaned by alternating
between 1 and 600 hPa of high-purity N2 gas for several pump/
purge cycles.
The test samples for this study were grown by MOVPE.
GaP/Si (001) templates serve as pseudo substrates for a III/V
laser structure. These consist of a GaP layer ~100 nm thick,
nucleated on an exact Si (001) substrate. Ga(NAsP)/GaP/
(BGa)P heterostructures were grown on these templates to
achieve a laser integrated on Si. A more detailed description
of the defect-free nucleation of GaP on Si (001) and the
growth of the Ga(NAsP)/GaP/(BGa)P/Si laser structure is
given in Liebich et al. (2011) and Volz et al. (2011). A
detailed characterization of the quality of the quantum well
structure is given in Wegele et al. (2016b). The key reason
why these samples were chosen is the behavior of the
quantum well structure during thermal annealing. Changes
in the composition and homogeneity take place during this
process, which it may be possible to investigate in situ in the
TEM. A detailed description of these structural changes and
their correlation with the optoelectronic properties of the
quantum well during rapid thermal annealing (RTA) is given
in Gies et al. (2014) and Wegele et al. (2016a). The samples
were prepared for the in situ annealing STEM investigation
using a focused ion beam (FIB; JIB 4601 F; JEOL, Freising,
Germany) system. A detailed description of the preparation
and loading process of the specimens is given in Straubinger
et al. (2016). In summary, an electron transparent lamella
was prepared out of a wafer piece as described in Schaffer
et al. (2012). Afterwards, the lamella was turned by 90° along
its longer axis and mounted with the electron transparent
region precisely above the electron transparent SiN window
of the thermal e-chip (Protochips Inc, Morrisville, NC,
USA). A double Cs-corrected JEOL JEM-2200 FS operating
at 200 kV in combination with the gas cell holder was used
for the TEM observations. The images were recorded in high
angle annular dark field (HAADF) mode. The acquired
images were normalized with respect to the impinging beam
following the procedure described in He & Li (2014). The
contribution of the SiN windows to the HAADF intensity
was subtracted from the measured intensity of the crystalline
samples. Using the frozen phonon approximation available
in STEMsim (Rosenauer & Schowalter, 2007), com-
plementary contrast simulations were carried out. A super
cell consisting of 7 × 7 unit cells of GaP projected along the
[010] direction was used to calculate 15 phonon configura-
tions. The influence of applied temperature on HAADF
intensity was modeled by adjusting the Debye–Waller factors
to the experimental temperatures, as shown in Schowalter
et al. (2008). By comparing the simulated HAADF intensities
to the experimental intensities, the thickness of the TEM
sample can be determined as successfully shown in Beyer
et al. (2016).
RESULTS
This paper is organized as follows: first, quantitative thermal
annealing experiments both with and without P stabilization
are compared to prove the functionality of the system used.
Next, evaporation of P from the samples is compared by
measuring the quantitative thickness from the HAADF
intensity at different temperatures. Finally, we investigate
in situ thermal annealing processes at atomic resolution
conditions. From this, it is possible to measure the inho-
mogeneity of the quantum wells with increasing temperature
by analyzing the standard deviation of the group V column
intensities at each temperature step. Furthermore, we study
the diffusion of As constituents from the quantum well in the
surrounding GaP material during thermal annealing.
As mentioned in the introduction, postgrowth annea-
ling is an effective way to improve layer quality by reducing
crystal defects, which leads to improvement of the perfor-
mance of devices such as lasers. The following experiment
should verify whether it is possible to study thermal
annealing processes for III/V semiconductors in any desired
atmosphere in the TEM. In doing so, the functionality of the
setup will also be proven. Figure 2 shows the quantum well
structure as introduced in the experimental methods chapter.
The STEM images (Figs. 2a to 2c) show the structure during
the unstabilized thermal annealing experiments in a 10 hPa
N2 environment. Figure 2a shows the intact quantum well
structure at 400°C, with the single layers in the sample
annotated on the left hand side. By comparing Figures 2a and
2b one can already see a significant degradation of the
structure at 600°C. This degradation is caused by evapora-
tion of P. By taking a closer look at the STEM image (Fig. 2b)
one can see small droplets that remain on the surface. An
example of one of these droplets is marked with a white
arrow. During the following experiments, the droplets move
across the surface and begin to cluster on the upper surface of
the lamella (compare inset Fig. 2b). Ex situ energy dispersive
X-ray spectroscopy measurements show that the droplets
composed of Ga. This confirms the assumption that the
destruction of the layer is caused by evaporation of P while
Ga remains on the surface. Figure 2c shows the same area of
the sample at 700°C, in which the quantumwell structure has
been completely destroyed. Figures 2d to 2f show a different
lamella of the same material. However, the annealing
experiment was carried out in 140 hPa TBP without addi-
tional carrier gases in the system. In this P-rich environment
the P in the structure is prevented from evaporating. By
comparing Figures. 2d and 2e one can even see a slight
improvement of the image quality in terms of the
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homogeneity of the contrast distribution. This effect may be
caused by evaporation of the amorphous layer, which origi-
nates from the preparation of the lamella and polishing the
surfaces in the FIB, or it may be caused by the thinning of the
sample. This positive effect was also observed in further
annealing experiments. Figure 2f shows the structure at 700°C.
By comparing Figures 2d, 2e, and 2f, one is not able to see
any noticeable destruction of the structure. By comparing
Figures 2c and 2f), one can clearly see the difference between
the stabilized and unstabilized annealing processes. Thick-
ness measurements verify that the sample annealed in
140 hPa TBP remains undamaged until 500°C and starts to
degrade slowly by 600°C. It is worth noting that all images in
Figure 2 are shown in their individual intensity scales to
visualize their respective morphologies and that the absolute
intensity scales of the images change during the thermal
treatment; this is because the thickness of the TEM sample
changes due to evaporation of P.
In the following, evaporation of P from the (BGa)P
barrier will be quantified by measuring the remaining
thickness of the TEM sample. In Figure 3a, the simulated
HAADF intensities of GaP are plotted against the TEM
sample thickness for a selection of different temperatures
used in these experiments. As can be seen in this figure, the
influence of temperature on average HAADF intensity is
rather small, i.e. at maximum effect, 0.67% of the impinging
beam intensity at a sample thickness of 200 nm. Never-
theless, we used the corresponding simulation when com-
paring the experimental intensities derived from the (BGa)P
region, which is marked with a dashed box in Figure 2d, to
the simulated intensities in order to determine the actual
sample thickness. The influence of the small amount of
B (≈3%) in the GaP is negligible in the analysis. The plot in
Figure 3b shows the derived thicknesses divided by t200°C
(the thickness of each sample at 200°C). The black data
points indicate the thickness change of the sample annealed
in a 10 hPa N2 environment. The red data points indicate the
thickness change of the sample annealed in a 140 hPa TBP
environment. By comparing both processes one can see a
significant difference in evaporation of P from the samples.
As indicated in Figures 2a to 2c, the sample immediately
starts to degrade when increasing temperature without sta-
bilization (black data points, Fig. 3b). In contrast to this, the
red data points show the much more stable behavior of the
same sample structure annealed in a 140 hPa TBP environ-
ment, which appears to show no significant degradation
until 500°C. In the temperature range of around 600°C the
sample starts to degrade. To get a better insight into the
evaporation process, Figure 3c shows an Arrhenius plot of
the thickness divided by t200°C of the (BGa)P barrier as a
function of the annealing temperature. The resulting acti-
vation energies are |EA| = 0.11 eV for the sample annealed in
a 10mbar N2 environment and |EA| = 0.28 eV for the sample
annealed at 140mbar TBP. These numbers are significantly
smaller than what was found for GaP bulk material. In the
work of Kobayashi & Kobayashi (1991), the activation
energy of evaporation GaP bulk material was calculated as
1.18 eV. In the case of a thin TEM lamella one needs, how-
ever, to take into account that the large surface to volume
ratio plays a crucial role in the evaporation process. As such,
the exact numbers are not comparable. However, the
increase in the activation energy resulting from the P stabi-
lized measurement further supports the statement that group
V stabilization is important for thermal annealing experi-
ments involving III/V semiconductors. Moreover, these
values will serve as qualitative references for future growth
and annealing studies.
The STEM images in Figure 4 show the annealing
behavior of the Ga(NAsP) quantum well and surrounding
GaP in a temperature range from 250 to 450°C at atomic
resolution under unstabilized conditions. Due to beam
introduced carbon deposition in the sub −200°C temperature
regime, the starting temperature of this series was chosen to
be 250°C. Each image is separated, with the STEM image on
the left hand side and the color-coded group V column
intensity map on the right hand side. The scale of color-
coding is shown on the far right hand with respect to the
intensity of the GaP barrier. The single layers are annotated
Figure 2. a-c: STEM images of the quantum well structure during the unstabilized thermal annealing process in a 10
hPa N2 environment. In (a), annotated single layers can be seen. To the bottom right of (b) a sub image of Ga droplets
on the upper surface of the TEM lamella can be seen. d–f: The annealing process in a 140 hPa TBP environment.
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on the far left hand side. Figure 4a shows the sample struc-
ture at 250°C. At this temperature, the contrast within the Ga
(NAsP) quantum well is still homogenously distributed. This
can be further confirmed by the color-coded group V
intensity map. In addition, the color-coded group V intensity
map shows a distinct interface between the quantum well
and the lower GaP material. It should be noted that the
sample has already begun to degrade at this temperature
(compared with the black data points in Fig. 3b). By com-
paring the quantum well regions in Figures 4a and 4b one
can already see a slight blurring of the contrast, and thus a
spreading of the group V column intensities. This process
sets in at the evaporation temperature of P shown in the
previous experiment (compared with Fig. 3, black data
points). The aforementioned intensity change within the
quantum well can be caused by either phase separation or
composition changes due to the different evaporation tem-
peratures of the group V constituents in the quantum well.
As the ratio between the average group V column intensities
within the center part of the quantum well and the average
group V column intensities in the GaP barrier stays constant,
i.e. the averaged quantum well composition does not change,
temperature induced phase separation is the more likely
cause for the observation. In future, studies using different
group V stabilization conditions will give a detailed insight
into this process. Due to thermal drift, the images recorded at
higher temperatures have a slight streaky contrast. With
increasing temperature, one can see the proceeding phase
separation of group V constituents within the quantum well
(compare color-coded intensity distribution of the group V
columns within the quantum well in Fig. 4c). By comparing
the color-coded group V intensity map in Figure 4c with the
maps at lower temperatures it is possible to see that the groupV
constituents also diffuse into the surrounding GaP layer. This
diffusion process with increasing temperature is also supported
by the color-coded group V intensity map shown in Figure 4d.
The same process can also be seen by comparing the STEM
intensity distribution at the lower interfaces of the quantum
well with increasing temperatures. Intensity measurements, as
shown later on, provide quantitative support for this behavior.
By increasing the temperature further, the sample was com-
pletely destroyed within seconds.
The phase separation with increasing temperature, as
mentioned above, can also be determined by measuring each
group V column’s mean intensity and associated standard
deviation (σi). Figure 5a shows the σi divided by the mean
intensity in the quantum well region as function of the
annealing temperature. It should be noted here that nor-
malizing the standard deviation to the intensity is necessary
as the STEM HAADF detectors have noise, which is pro-
portional to the signal. An increase in phase separation
within the quantum well with increasing temperature is
clearly visible. Figure 5b shows the intensity of the group V
columns along the lower Ga(NAsP)/GaP interface normal-
ized to their mean intensity in the Ga(NAsP) region. The
region plotted in Figure 5b is marked with a white arrow in
the STEM image in Figure 4c. The images used in this
Figure 3. The simulated HAADF intensities of GaP are drawn
against the TEM sample thickness for different temperatures in
(a). The plot (b) shows the thickness divided by t200 °C in the
temperature range investigated. The black data points indicate the
thickness change of the sample during the unstabilized annealing.
The red data points indicate the thickness change of the sample
during the stabilized annealing in 140 hPa TBP environment.
The Arrhenius plot (c) shows the thickness divided by t200 °C
of the (BGa)P barrier as a function of the annealing temperature.
The colour-coding is the same as in plot (b).
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analysis were adjusted to make sure that the lower interface
between the quantum well and the surrounding GaP mate-
rial were properly aligned. The orange data points represent
the group V column intensities at room temperature. This
measurement was done in the double tilt holder before the
sample was placed on the thermal e-chip. The STEM image
shown in the background of the plot is also recorded in the
double tilt holder at room temperature. By taking a closer
look at the orange data points it is possible to observe a
nearly abrupt interface between the quantum well and the
surrounding GaP material after growth. This can be seen by
the group V intensity dropping within two group V layers by
a factor of 5. Compared to that the red (250°C), green (300°C),
magenta (350°C), and cyan (450°C) data points represent the
group V intensities at increasing annealing temperatures.
This series shows a significant increase in the group V
column intensity within the GaP close to the Ga(NAsP)/GaP
interface. This increase in intensity indicates that As (atomic
number 33) diffuses from the quantum well into the
surrounding material and replaces P (atomic number 15) in
the group V columns during the annealing process. As
mentioned before, the blurring of the Ga(NAsP)/GaP
interface is also visible in the STEM images in Figures 4a to
4c. By comparing the highest temperature measurement
(450°C) with the room temperature measurement, it can
been seen that the group V intensities drop within 8 group
V layers to the same level that the room temperature
measurement reaches within two group V layers. When
Figure 4. Thermal treatment of the Ga(NAsP) quantum well at atomic resolution conditions in a 10 hPa N2 environ-
ment. The single layers are annotated in (a). Each image is separated in the STEM image (a,c) and the colour-coded
group V column intensity map (b,d). The scale of colour-coding is shown on the far right side with respect to
the intensity of the GaP barrier. The white arrow in (c) marks the line scan region for further investigation, which is
introduced later in the text.
Figure 5. Plot (a) shows the standard deviation of the intensity divided by the mean intensity of the group V columns
within the quantum well in the temperature range investigated. Plot (b) shows the normalized intensity of the group V
columns along the Ga(NAsP)/GaP interface. The STEM image in the background shows an Ga(NAsP)/GaP interface at
room temperature. Furthermore, the plotted region is marked in the STEM image Figure 4c with a white arrow.
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comparing these results to the aforementioned thermal
annealing experiments shown in Gies et al. (2014) and
Wegele et al. (2016b), one should keep in mind the difference
in annealing procedures. Compared to the in situ annealing
system, which allows for a heating rate of 5°C/s, the RTA
reactor enables a much faster heating rate of 50°C/s, resulting
in very short annealing times on the order of 10 s. Further-
more, the sample annealed in the RTA is bulk material
compared with a very thin TEM lamella annealed in the
in situ system. Both techniques can result in significantly
different diffusion behavior between the two experimental
setups. Nevertheless, both experimental approaches support
the prediction of group V constituents from the Ga(NAsP)
quantum well diffusing into the surrounding material.
In summary, this study demonstrates that it is possible to
investigate thermal annealing processes like material phase
separation and diffusion in situ in the TEM at atomic resolution
conditions under the safe supply of toxic and pyrophoric gases.
SUMMARY
This paper shows that it is possible to handle toxic and
pyrophoric III/V semiconductor precursors for both growth and
group V stabilized thermal annealing processes in the TEM. The
suggested modifications to the in situ system needed to achieve
this goal were described. Two annealing series of a Ga(NAsP)
quantum well structure and the surrounding GaP/(BGa)P
material were observed to verify the functionality of the
system. One thermal treatment was done in an environment of
10hPa N2. The second, comparative, measurement was done in
an environment of 140hPa TBP. In this P-rich environment the
P in the crystal is prevented from evaporation. The sample
annealed in a TBP environment showed thermal stability up to
500°C compared with the sample without stabilization, which
began to degrade at less than 300°C. For quantitative compar-
isons, the sample thicknesses of both TEM lamellae were
compared over the annealing temperature range. The results of
the thickness measurements support the success of the stabi-
lized annealing experiment. Finally, we investigated in situ
thermal annealing processes at atomic resolution conditions.
In this series the phase separation of group V constituents can
be directly observed, which results in a blurring of the contrast
and thus a spreading of the group V column intensities. By
plotting the standard deviation (σi) divided by the mean
intensity over the temperature range investigated it is possible
to determine the increase in inhomogeneity with increasing
temperature. Finally, it is possible to study the diffusion of
As from the quantum well into the surrounding GaP material
during thermal annealing by measuring the group V column
intensities along the Ga(NAsP)/GaP interface.
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Abstract
We report the formation of Bi clusters in Ga(P1−x,Bix) layers during an in situ (scanning)
transmission electron microscopy ((S)TEM) annealing investigation. The non-destructive
temperature regime in dependence on the tertiarybutylphosphine (TBP) pressure in the
in situ cell was investigated to ensure that the results are not distorted by any destructive
behaviour of the crystal during the thermal treatment. The following annealing series
of the Ga(P92.6Bi7.4) and Ga(P96.4Bi3.6) layers reveals that the threshold temperature at
which the Bi clustering takes place is 600◦C in the Ga(P92.6Bi7.4) layer. Further thermal
treatments up to 750◦C show a relationship between the Bi fraction in the Ga(P1−x,Bix)
layer and the initial temperature at which the Bi clustering takes place. Finally, we
investigate one Bi cluster at atomic resolution conditions. In these conditions, we found
that the Bi cluster crystallized in a rhombohedral phase, aligning with its {101} planes
parallel to the Ga(P,Bi) {202} planes.
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Abstract: 
We report the formation of Bi clusters in Ga(P1-x,Bix) layers during an in situ (scanning) transmission electron microscopy 
((S)TEM) annealing investigation. The non-destructive temperature regime in dependence on the tertiarybutylphosphine 
(TBP) pressure in the in situ cell was investigated to ensure that the results are not distorted by any destructive behaviour 
of the crystal during the thermal treatment. The following annealing series of the Ga(P92.6Bi7.4) and Ga(P96.4Bi3.6) layers 
reveals that the threshold temperature at which the Bi clustering takes place is 600 °C in the Ga(P92.6Bi7.4) layer. Further 
thermal treatments up to 750 °C show a relationship between the Bi fraction in the Ga(P1-x,Bix) layer and the initial 
temperature at which the Bi clustering takes place. Finally, we investigate one Bi cluster at atomic resolution conditions. In 
these conditions, we found that the Bi cluster crystallized in a rhombohedral phase, aligning with its {101} planes parallel 
to the Ga(P,Bi) {202} planes. 
 
Introduction: 
Bi containing III/V semiconductor materials have seen 
growing interest due to their strong reduction of the band 
gap energy even with a small fraction of Bi1–3. 
Furthermore, a growing Bi content leads to a drastic 
increase of spin-orbit splitting4. For example in GaAs the 
band gap is reduced by about 90 meV per percent of Bi 
incorporation2.  With a Bi fraction higher than 10 % the 
spin-orbit splitting becomes even larger than the band 
gap5,6. Due to this modification Auger recombination 
processes can be suppressed, leading to an increased 
efficiency in photonic devices. Several bismide materials 
showed similar properties to those mentioned ones in 
Ga(As,Bi) promising new applications in optoelectronics7–
11. Further theoretical calculations on the properties 
Ga(P,Bi), which could be a promising candidate for tuning 
the emission of optical sources as well as for the 
fabrication of laser devices emitting in the 
telecommunication wavelength, were reported12. Since 
GaP can be grown nearly lattice matched on Si13 the 
possibility to grow Ga(P,Bi) devices on Si exists14. 
The fabrication of materials with a high fraction of Bi is, 
however, challenging due to its highly metastable nature. 
Furthermore, the grown Bi containing materials have to 
have a very high quality in terms of crystal defects to be 
practical for optoelectronic applications. The investigation 
by Christian et al.15 demonstrated a Bi incorporation of 3.2 
% in GaP using a molecular beam epitaxy (MBE) setup. 
Later results on metal organic vapor phase epitaxy 
(MOVPE) grown Ga(P,Bi) samples by Nattermann et al.14 
showed a Bi incorporation of up to 8 %. 
In addition, in situ information with regards to Bi cluster 
formation during growth and post growth annealing is 
missing. Furthermore, the mechanisms involved are not 
yet understood16,17. Beside all successes, the optimization 
of growth conditions for functional III/V semiconductor 
materials is still very challenging as can be seen by the 
growing body of publications within this field18–20. In 
particular in situ information promises to deliver details 
about the growth mechanisms and can therefore help to 
improve the growth parameters. One of the advantages of 
in situ methods is that they are able live insights into 
dynamic processes. In situ (scanning) transmission 
electron microscopy ((S)TEM) has been proven to be an 
outstanding technique for these kind of observations21,22. 
The compatibility of modern in situ holders with most 
TEMs makes this technique feasible for a wide range of 
research. In situ TEM systems, such as the Atmosphere 
system23 developed and produced by Protochips Inc. 
(Morrisville, NC, USA), are enabling observations at gas 
pressures up to 1,000 hPa and temperatures of 1,000 °C. 
With these specifications the experimental growth 
conditions in terms of temperature and precursor 
pressure of MOVPE, which is commonly used to fabricate 
novel III/V semiconductor compounds, can be realized. 
In this paper we use in situ (S)TEM to investigate the 
threshold temperature at which the local Bi clustering 
take place. Further we investigate the cluster formation 
process as a function of the Bi fraction of the Ga(P,Bi) 
layers under group V stabilized conditions. Furthermore, 
we give a detailed insight into the Bi cluster 
characteristics under atomic resolution conditions. 
 
Experimental Methods:  
The Ga(P1-x,Bix)/GaP sample studied in this work was 
grown by MOVPE using a commercially available Aixtron 
horizontal reactor system (AIX 200-reactor) with gas foil 
rotation. Triethylgallium (TEGa), tertiarybutylphosphine 
(TBP), and trimethylbismuth (TMBi) were used as 
precursors for Ga, P and Bi, respectively. The growth 
temperature for the Ga(P1-x,Bix) layer was set to 400 °C, 
while the GaP barriers growth temperature was set to 625 
°C to remove surplus Bi from the surface. Further 
information, including a more detailed description of the 
MOVPE growth procedure of the Ga(P1-x,Bix)/GaP sample 
is summarized thoroughly by Nattermann et al.24. The 
sample used for the present study consists of two 55 nm 
thick Ga(P1-x,Bix) layers with Bi fractions of x=3.6 % and 
x=7.4 %, separated by GaP barriers with an approximate 
thickness of 100 nm. The Bi fraction of each Ga(P1-x,Bix) 
layer is determined using secondary ion mass 
spectrometry (SIMS), with complementary high resolution 
X-ray diffraction (HRXRD) measurements taken for 
comparative purposes. Here a HRXRD pattern was 
simulated around the (004)-GaP substrate peak, assuming 
the GaBi lattice constant to be 6.33 Å3. Due to the 
micrometre sized spot of the XRD, the resulting content 
values represent an average values. Since potential 
clusters may exhibit a rhombohedral structure16, it is 
unlikely that they influence these (004) rocking curves at 
all. The sample preparation for the presented in situ study 
was done using a JEOL JIB 4601F FIB system. The detailed 
preparation process of the lamella and the loading 
procedure of the finished specimen into the in situ cell will 
not be repeated here, but a detailed description can be 
found in Straubinger et al.25. In summary, an electron 
transparent lamella was prepared out of a wafer piece as 
described in Schaffer et al.26. Upon completion, the lamella 
was rotated by 90° along the long axis and mounted with 
the electron transparent section positioned precisely 
above the electron transparent SiN window of the thermal 
e-chip produced by Protochips Inc. The STEM 
investigations were performed in a double-CS corrected 
JEOL JEM 2200 FS field emission TEM operating at 200 kV. 
For the in situ investigation, a modified atmosphere 
system with a gas environmental cell holder from 
Protochips Inc. was used. A detailed description of the 
system, the specifications, and the required modifications 
are given in Straubinger et al.27. This setup allows for high 
resolution (S)TEM investigation of III/V semiconductor 
materials in the growth temperature regime and under 
the necessary group V stabilization, which is 
indispensable when aiming to avoid group V desorption. 
Image generation was carried out in high angle annular 
dark field (HAADF) mode, also known as Z-contrast 
mode28,29 due to the underlying Rutherford-like 
distribution of the scattered electrons. Hence, the detected 
intensity is proportional to Z1.6-2, which helps to intuitively 
distinguish between different elements. In order to allow 
for determining thickness in later stages, the acquired 
images were normalized with respect to the impinging 
beam following the procedure described in He & Li30. The 
HAADF intensity is corrected by subtracting the intensity 
contribution of the SiN windows from the measured 
intensity of the crystalline sample.  This approximation is 
justified because both SiN windows are amorphous and 
highly defocused. Subsequent comparison with 
complementary contrast simulation using the frozen 
phonon approximation available in STEMsim31 was used 
to determine the lamella thickness. A more detailed 
description of all simulation parameters is given in27. 
 
Results and discussion: 
This paper is organized as follows: first, by tracking the 
lamella thickness over the temperature for different TBP 
pressures in the in situ cell, it should be ensured that the 
following measurements are not influenced by any 
destructive behaviour of the crystal structure due to P 
desorption. Next, the initial Bi cluster formation 
temperature and the cluster characteristic in terms of 
cluster size and formation time is determined by 
analysing the intensity distribution within the Ga(P1-x,Bix) 
layers for three temperature series covering the MOVPE 
growth temperature regime. Here, one question to be 
answered refers to the time during which the local Bi 
enrichment takes place in the growth process. Subsequent 
annealing studies at temperatures significantly above the 
growth temperature will ascertain the relationship 
between the Bi fraction in the Ga(P1-x,Bix) layer and the 
initial Bi clustering temperature. Finally, a closer insight 
into the crystalline structure of the Bi clusters within the 
Ga(P92.6,Bi7.4) layer will be given.  
Figure 1 shows a HAADF STEM overview image of the 
investigated structure as grown, i.e without thermal 
treatment. As mentioned in the experimental section the 
sample consists of two Ga(P1-x,Bix) layers with a different 
Bi content. The Bi fraction is indicated on the right hand 
side of the image. Every Ga(P1-x,Bix) layer has a thickness 
of around 55 nm and is surrounded by approximately 100 
nm of GaP. Due to the large atomic number of Bi (Z = 83), 
the clusters appear brighter in the HAADF STEM image. 
Some Bi enriched areas can be observed on the left hand 
side in the very top Ga(P92.6,Bi7.4) layer. Due to the 
thickness of the lamella and the resulting overlay of the 
rhombohedral crystal structure of a pure Bi cluster and 
the surrounding zincblende host material, it is not 
possible to determine whether the bright areas are 
rhombohedral Bi clusters or Bi enriched zincblende Ga(P1-
x,Bix). Therefore, we will refer to the bright areas within 
the Ga(P1-x,Bix) layer as clusters in the following. This is 
justified because the post thermal annealing investigation 
at a thin sample region reveals that the bright areas, 
which occur due to the thermal annealing, consist of 
rhombohedral Bi16 as will be shown later. By taking a 
closer look at the areas around the brighter areas in figure 
1 (some examples are marked by white arrows), a 
contrast variation is observable.  These appearances 
might originate from Bi depleted tracks left from moving 
Bi during the cluster formation. Before investigation of the 
detailed characteristics of the Bi clusters, it should be 
clarified whether the cluster formation happens during 
the growth of the Ga(P1-x,Bix) layer itself taking place at 
400 °C or during the growth of overlying GaP layer acting 
as a 625 °C thermal annealing for the lower Ga(P1-x,Bix) 
layers. To ensure no contribution of already existing Bi 
clusters, the experiments were carried out in areas with a 
homogeneous Bi distribution. 
 
 
Figure 1: HAADF STEM overview image of the dedicated 
structure containing two 55 nm thick Ga(P1-x,Bix) layers 
with different fractions of Bi embedded in approximately 
100 nm thick GaP barriers. Some of the brighter appearing 
Bi clusters can be observed on the left hand side in the 
very top Ga(P92.6,Bi7.4) layer. Around the brighter areas a 
contrast variation is observable which might originates 
from Bi depleted tracks left from moving Bi. (marked with 
white arrows).  
To facilitate the investigation of III/V semiconductor 
materials in situ in the TEM at growth temperature 
regime, the crystal structure must be stabilized during the 
in situ annealing investigation to prevent group V 
desorption. This ensures that the observed changes do not 
occur due to structural degradation. One method to 
measure the sample destruction is to track the TEM 
lamella thickness during the in situ experiment. By doing 
so it is possible to identify the non-destructive 
temperature range in dependence of the group V 
stabilization. Figure 2 shows the results of these thickness 
measurements. Here, the thickness divided by the initial 
thickness (t200 °C) over the temperature is shown for an 
unstabilized environment and two different TBP 
pressures in the in situ cell. The red dots belong to the 
unstabilized annealing experiment, the black squares and 
blue triangles show the results of the thermal treatment 
experiments applying 140 hPa and 180 hPa TBP, 
respectively. It should be mentioned that the thickness 
measurement in the unstabilized experiment and in the 
annealing series with 140 hPa TBP in the cell was carried 
out on a different TEM lamella within a GaP region with 
approximately 3% B which is negligible in the analysis. By 
comparing the stabilized with the unstabilized experiment 
one can clearly see the tremendous difference in the 
sample stability during the thermal treatment. 
Furthermore, by comparing the thermal treatment 
experiment under 140 hPa TBP (black squares) and 180 
hPa TBP (blue triangles) environments, the different non-
destructive temperature regimes can be seen directly. 
With 180 hPa TBP in the cell the crystal structure is 
thermally stable up to 750 °C, whereas the sample 
annealed in the 140 hPa TBP environment starts to 
degrade at around 600 °C. As a result of these findings, all 
further in situ annealing investigations discussed in this 
paper are carried out under a 180 hPa TBP stabilization.  
 
Figure 2: Plot showing the thickness divided by initial 
thickness (t200 °C) versus the temperature. The three 
measurements compare the non-destructive temperature 
regime of the GaP region of the TEM lamella without 
group V stabilization (red dots) with two different 
amounts of TBP (black squares 140 hPa TBP, blue 
triangles 180 hPa TBP) in the cell during the thermal 
annealing27. 
To identify the initial temperature at which the clustering 
takes place the temperature was gradual increased by 50 
°C starting with 300 °C which is significantly below the 
growth temperature of 400 °C and 625 °C, respectively. 
For every series the temperature was kept for 30 to 45 
minutes. The HAADF STEM images recorded during every 
series in an approximately two minute cycles are the basis 
for the Bi clustering study within the Ga(P1-x,Bix) layer. 
The measured standard deviation of the intensity within 
the ternary Ga(P1-x,Bix) layer divided by the mean 
intensity of the surrounding GaP matrix, hereinafter 
designated as σrel, is a measure for the inhomogeneity of 
the Bi distribution of the corresponding Ga(P1-x,Bix) layer, 
as has been shown on the example of Ga(N,As,P) by 
Wegele and co workers32. It should be pointed out that 
due to the large difference in the surface to bulk ratio and 
the relaxed strain in the thin lamella, the absolute value 
for the initial temperature above which the clustering 
takes place in the MOVPE process and inside an electron 
transparent TEM lamella are not directly comparable. 
Nevertheless, the trend is the same and therefore the 
results presented in the following allow an in situ 
investigation of a specific MOVPE process inside the 
(S)TEM under high resolution conditions. Plot (a) in figure 
3 shows the σrel within the Ga(P92.6Bi7.4) layer gained from 
the aforementioned HAADF STEM images over the time 
for three temperature steps. By taking a look at the data 
points of the 500 °C time series (black squares), no 
increase in σrel can be observed. This indicates that no 
local Bi enrichment takes place. It should be mentioned 
that this temperature is already 100 °C above the Ga(P1-
x,Bix) layer growth temperature of 400 °C. Also, by further 
increasing the temperature by 50 °C to 550 °C (red dots) 
no change in the structure is visible. The blue triangles 
represent the time series at 600°C, here the influence of 
the temperature on σrel within the Ga(P92.6Bi7.4) layer 
which originates from Bi clustering can be seen. It should 
be emphasised that post in situ energy dispersive X-ray 
spectroscopy (EDS) measurements shown in figure 5 (b) 
prove that the observable bright areas consists of Bi and 
do not consist of Ga which might form Ga droplets on the 
surface as observed in destructive temperature regimes. 
To better illustrate the process of  Bi clustering a dashed 
line as a guide to the eye is added to the annealing series 
done at 600 °C in figure 3 (a). Taking a closer look at the 
curvature of this line, the time course of the structural 
change is directly observable. The clustering of Bi within 
the Ga(P92.6Bi7.4) layer takes around 40 minutes before the 
clusters reach a stable size. Later investigation, shown in 
figure 4, at higher temperatures will clarify whether the 
cluster size increases further with rising temperatures or 
if there is a stable Bi cluster formation over the whole 
temperature regime above the threshold temperature. 
The colour coded STEM images presented in figure 3 (b) 
show the formation of one big and two smaller Bi clusters 
during the temperature series at 600 °C. It is worth noting 
that the very long investigation time of this experiment 
and the presence of the group V precursor gas in the in 
situ cell results in a carbon coating over the time which 
caused a reduction of the contrast in the STEM images. 
Therefore, the HAADF intensity in the micrographs 
presented in figure 3 (b) is color-coded from blue to red, 
since it enhances the visibility of the clusters. The time 
passed with respect to the start of the experiment at 
which each image is recorded is indicated at the very right 
hand side. 
 
 
Figure 3: Plot (a) and (c) show σrel, i.e. standard deviation of the intensity within the ternary Ga(P1-x,Bix) layer divided by 
the mean intensity of the surrounding GaP matrix, over the time within the Ga(P1-x,Bix) layer with 7.4 % and 3.6% Bi, 
respectively. The temperature series were carried out at 500 °C (black squares), 550 °C (red dots) and 600 °C (blue 
triangles). The colour coded STEM images (b) show the formation of one big and two smaller Bi clusters within the 
Ga(P92.6Bi7.4) layer over time.  
Furthermore, the black lines between the plot (a) and (b) 
relate the STEM image with the corresponding data point. It 
should be mentioned that the STEM images in figure 3 (b) 
show only a part of the larger images investigated to 
generate the data points presented in figure 3 (a). To 
further compare the Bi clustering in dependence of the Bi 
fraction, plot (c) in figure 3 shows σrel drawn over the time 
within the Ga(P96.4Bi3.6) layer. Here, no Bi clustering could 
be observed for all three temperature series, i.e. 500 °C, 550 
°C, and 600 °C. Overall, the results presented in figure 3 
already answer the question regarding the time during 
which the local Bi enrichment occurs within the growth 
process. It thus can be concluded that the Ga(P92.6Bi7.4) layer 
structure might grow without Bi clusters, and due to the 
subsequent GaP layer which has a growth temperature of 
625 °C, the inhomogeneity of the Bi distribution takes place. 
This result is further supported by ex-situ investigations on 
Ga(P92.6Bi7.4) layers without a GaP cap, where no Bi clusters 
appear in the structure. Further experiments significantly 
above the growth temperature should demonstrate the 
relationship between the temperature at which Bi 
clustering takes place and the Bi fraction in the Ga(P1-x,Bix) 
layer as well as if the cluster size in the Ga(P92.6Bi7.4) layer 
further increases with rising temperature. To further 
investigate the initialisation temperature with regard to the 
Bi fraction, the plots in figure 4 show σrel for the same Ga(P1-
x,Bix) layers presented in figure 3 but at temperatures 
significantly above the growth temperatures. It should be 
noted that the measurements of the Ga(P92.6Bi7.4) layer were 
carried out at a thinner section on the lamella, therefore the 
values of σrel are slightly different compared to the values in 
figure 3 (a).  However, a closer look at the plot (a) in figure 4 
reveals that there is no further inhomogeneity in the Bi 
distribution caused by increasing the temperature from 650 
°C up to 750 °C. This confirms the previous observation that 
the Bi cluster formation reaches a stable size which is 
steady against higher temperatures. Due to the large 
spreading of the data points presented in figure 4 (b), 
dashed lines are added to the Ga(P96.4Bi3.6) layer 
measurements as a guide to the experiment.  By comparing 
the series recorded at 650 °C (black squares) and the series 
measured at 700 °C (red dots), one cannot see any hint of Bi 
clustering which would lead to an increase of σrel. In 
contrast to that, it can be assumed that there is a rising σrel 
value in the annealing series recorded at 750 °C within the 
Ga(P96.4Bi3.6) layer. From that point of view one can 
speculate that the Bi fraction in the Ga(P1-x,Bix) layers is 
directly related to the initial clustering temperature. 
Unfortunately, it is not possible to further increase the 
temperature to investigate the Bi clustering in the 
Ga(P96.4Bi3.6) layer without destroying the crystal structure 
in a 180 hPa TBP environment. Further studies carried out 
at higher TBP pressures will investigate this correlation in 
more detail.   
 
Figure 4: Plot (a) and (b) show σrel over the time within the 
Ga(P1-x,Bix) layers with 7.4 % and 3.6% Bi. These 
measurements were performed at 650 °C (black squares), 
700 °C (red dots) and 750 °C (blue triangles).  
Figure 5 (a) shows a atomic resolution HAADF STEM image 
of one Bi cluster recorded in the Ga(P92.6Bi7.4) layer after the 
thermal annealing experiment. To have tilting capability in 
both directions and orientate the sample precisely along the 
[010] viewing direction, the image is recorded in a standard 
double tilt holder. Here, the lattice planes corresponding to 
rhombohedral single crystal Bi are clearly resolved. The 
single crystalline lattice parameter for Bi were determined 
and published by D. Schiferl and C.S. Barrett 33. Two 
rhombohedral Bi {101} planes with a spacing of 0.327 nm 
are highlighted in figure 5 (a) with white dashed lines. The 
inset in figure 5 (b) shows the inverted FFT of the STEM 
image shown in figure 5 (a). The FFT was calibrated using 
the {200} reflections of Ga(P,Bi) which retain the spacing of 
pure GaP due to the tetragonal distortion. Here the 
parallelism between the Bi {101} and the Ga(P,Bi) {202} 
planes is clearly visible. The aforementioned contrast 
variation resulting from Bi depleted regions due to 
migrating Bi during the formation of Bi cluster can also seen 
in the STEM image in figure 5 (a) at the lower right edge of 
the Bi cluster. The preferred moving direction seems to be 
along the [-101] and [101] direction. This was also observed 
in STEM images at higher magnifications. The plot in figure 
5 (b) shows the EDS results of the region at the Bi cluster 
(black line) and for comparison at a region within the 
Ga(P92.6Bi7.4) layer but without Bi clusters (red line). The 
counts per second (cps) over the energy in keV is plotted in 
the energy range around the BiMα edge. This result proves 
that the bright areas in the STEM images consist of Bi.  
 
Figure 5: Atomic resolution HAADF STEM image of the 
Ga(P92.6Bi7.4) layer. The brighter region in the middle of the 
image shows a Bi cluster embedded in the Ga(P92.6Bi7.4) 
layer. The inset shows the inverted FFT of the STEM image 
shown in figure 5 (a).  Plot (b) shows the EDS result of the 
BiMα edge derived from the region at the Bi cluster (black 
line) and from a region without any local Bi enrichment (red 
line).   
 
Summary: 
In this paper, we first demonstrate that the used in situ 
setup facilitates the investigation of III/V semiconductor 
materials in a TEM at growth temperature regime since it 
provides the necessary group V stabilization. Moreover, we 
determine the temperature above which the Bi clustering 
takes place. We find that this initial temperature depends 
on the actual Bi fraction within the Ga(P1-x,Bix) layers. By 
investigating the Ga(P1-x,Bix) layers at even higher 
temperatures, we were able to conclude that there is no 
further Bi rearrangement. The process is most likely limited 
by the Bi amount available in the thin TEM lamella. 
Comparing these results to the findings of the as grown 
sample suggests that the Bi clustering during the MOVPE 
growth process most likely took place during the growth of 
the subsequent GaP layer which acts as a 625 °C thermal 
treatment of the lower Ga(P1-x,Bix) layer. Finally, a closer 
look at the at a representative Bi cluster reveals its 
rhombohedral structure and its orientation relation to the 
Ga(P,Bi) matrix.  
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Abstract
The usable aperture sizes in (scanning) transmission electron microscopy ((S)TEM) have
significantly increased in the past decade due to the introduction of aberration correction.
In parallel with the consequent increase of convergence angle the depth of focus has
decreased severely and optical section- ing in the STEM became feasible.Here we apply
STEMdefocus series to derive the local sample thickness of a TEM sample. To this
end experimental as well as simulated defocus series of thin Si foils were acquired. The
systematic blurring of high resolution high angle annular dark field images is quantified
by evaluating the standard deviation of the image intensity for each image of a defocus
series. The derived dependencies exhibit a pronounced maximum at the optimum defocus
and drop to a background value for higher or lower values. The full width half maximum
(FWHM) of the curve is equal to the sample thickness above a minimum thickness given
by the size of the used aperture and the chromatic aberration of themicroscope. The
thicknesses obtained from experimen- tal defocus series applying the proposed method
are in good agreement with the values derived from other established methods. The key
advantages of this method compared to others are its high spatial resolution and that it
does not involve
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Summary
The usable aperture sizes in (scanning) transmission electron
microscopy ((S)TEM) have significantly increased in the past
decade due to the introduction of aberration correction. In
parallel with the consequent increase of convergence angle
the depth of focus has decreased severely and optical section-
ing in the STEM became feasible. Here we apply STEM defocus
series to derive the local sample thickness of a TEM sample.
To this end experimental as well as simulated defocus series
of thin Si foils were acquired. The systematic blurring of high
resolution high angle annular dark field images is quantified
by evaluating the standard deviation of the image intensity
for each image of a defocus series. The derived dependencies
exhibit a pronounced maximum at the optimum defocus and
drop to a background value for higher or lower values. The
full width half maximum (FWHM) of the curve is equal to
the sample thickness above a minimum thickness given by
the size of the used aperture and the chromatic aberration
of the microscope. The thicknesses obtained from experimen-
tal defocus series applying the proposed method are in good
agreement with the values derived from other established
methods. The key advantages of this method compared to
others are its high spatial resolution and that it does not
involve any time consuming simulations.
Introduction
Defocus series in transmission electron microscopy (TEM)
mode are well known and applied regularly for a variety of
materials (Kirkland et al., 1980; Kirkland, 1984; Op De Beeck
et al., 1996). However, changing the defocus in scanning TEM
(STEM) mode deliberately is rather new. Nevertheless, due
to the large condenser apertures usable in CS–corrected mi-
croscopes and the resulting reduction of depth of focuszDOF,
one canobtainvaluable informationon the three-dimensional
structure of a sample (Borisevich et al., 2006; Einspahr &
Voyles, 2006; Behan et al., 2009). The depth of focus is given
by
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zDOF = 1.7λ
α2
, (1)
where α is the semiconvergence angle of the electron probe
(Cosgriff et al., 2008). Utilizing this depth sensitivity, STEM
defocus serieswere for exampleused tomeasure the chromatic
aberration constant (CC) of the used microscope (Kuramochi
et al., 2009), to investigate the distribution of dopant atoms
(Borisevich et al., 2006)within a sample or tomeasure the size
of nanoparticles (Behan et al., 2009).
Here we show how STEM defocus series can be used to
determine the actual sample thickness by evaluating the sys-
tematic blurring of the image when changing defocus. The
sample thickness is an indispensible parameter for the quan-
tification of (S)TEM images, therefore many different methods
have been proposed to determine it. Utilizingmeasurements in
reciprocal space convergent beam electron diffraction (CBED)
can be applied (Buxton et al., 1976; Eades, 1986) in TEM
mode whereas position averaged CBED (PACBED) (Lebeau
et al., 2010) is valuable in STEMmode. In real space the sam-
ple thickness can for example be determined by comparing
high-angle annular dark field (HAADF) intensity to adequate
simulations (Rosenauer et al., 2009) Furthermore, as energy
filters become widespread electron energy loss spectroscopy
(EELS) is applied regularly (Egerton & Malac, 2005). Another
methodwhichutilizes STEMdefocus series is proposed inGrillo
& Carlino (2008). In contrast to the method proposed in this
manuscript, the method of Grillo and Carlino relies on the
evaluation of Fourier component with respect to the applied
defocus.
The approach presented in this paper is comparably sim-
ple but is only applicable for crystalline materials in zone axis
geometry. Nevertheless, wewill show that its inherent advan-
tages over other techniques make it suitable to accompany
quantitative high resolution HAADFmeasurements.
The paper is organized as follows: we will investigate the
physical effects occurring when changing the defocus with
the help of multislice frozen phonon simulations. This allows
determining thedecisive dependencieswithout anydisturbing
influences from experimental noise, aberrations of the lenses
in the microscope and inhomogenities of the sample. Accord-
ingly we will derive a method to determine the sample thick-
ness and demonstrate its applicability in real samples. Finally,
we will compare our results to the ones of other established
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techniques, that is, EELS and the comparison ofmeasured and
simulated HAADF intensity.
Experiment
To investigate the dependence of the HAADF intensities on
the defocus we choose silicon as a model system as it is one of
the most commonly used materials in the semiconductor in-
dustry. Furthermore, its material parameters are well known.
However, there is no limitation to this material. A JEOL JIB-
4601F FIB/SEM was used to prepare plan parallel electron
transparent samples with defined thicknesses, as by standard
grinding preparation technique a thickness gradient cannot
be avoided. The so called FIB lift-out technique is well estab-
lished and described, for example, in Schaffer et al. (2012). To
investigate the later TEM sample along the [010] zone axis the
lamella was prepared with an angle of 45°with respect to the
cleave edges of the substrate.With the help of themanipulator
needle it is possible to lift the (20 μm × 2 μm × 4 μm, length
× width × depth) lamella out of the sample and fix it to a
TEM lift-out grid. During the thinning to a final thickness of
(30–50) nm, the angle between the lamella and the gallium
beam was gradually reduced, ensuring that the bottom and
top surface of the electron transparent area are parallel and
without any thickness gradient. Meanwhile, the voltage was
lowered from 30 kV to 3 kV at the final polishing step.
The samples were characterized in a double aberration cor-
rected JEOL JEM-2200 FS. Themicroscope was operated at E0
= 200 kV, the annular detector collects scattered intensity in
the range between 73 mrad and 173 mrad and the used con-
denserapertureresults inasemiconvergenceangleof thebeam
of 24 mrad. Image series were acquired changing the defocus
from −75 nm to 50 nm using an increment of 3 nm, which
was calibrated using the CEOS corrector software. The images
were normalized with respect to the impinging beam similar
to the approach used in literature (LeBeau & Stemmer, 2008;
He & Li, 2014). The actual beam current was determined to
25.3 pA by imaging the direct beam on the Ultrascan 1000
CCD camera.
Tomodel the scattering process complementary image sim-
ulations were carried out using the frozen phonon approx-
imation of the STEMSIM code (Rosenauer & Schowalter,
2008).Defocus serieswere simulatedvarying thedefocus from
−65 nm to 15 nm in steps of 1 nm for different sample thick-
nesses up to 50 nm. The residual aberrations measured in the
experiment were used as input parameters for the formation
of the electron probe in the simulation. To model the effect
of chromatic aberration, simulated images for different defoci
were summed weighting their individual contribution by a
Gaussian function with a full width half maximum (FWHM)
of zCC, which is connected to the chromatic aberration coef-
ficient CC by
zCC = 2CC × d EE0
√
(2 log 2). (2)
(E) 
(D)    
(B)   
foptt
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Fig. 1. Exemplary images from simulated HAADF intensity of Si for de-
focus values around the optimum defocus fopt (A)–(E). The right panel
illustrates the position of the focus with respect to the sample.
For the JEOL JEM-2200 FS microscope with a CC of 1.5 mm
and a dE of 0.42 eV follows a zCC of 7.5 nm at 200 kV ac-
celeration voltage (Kuramochi et al., 2009). Complementary
thicknessmeasurementswere carried out utilizing EELS using
a condenser semiangle of 24 mrad and a collection angle of
9.5mrad. The evaluationwas done by applying the Kramers–
Kronig sum rule (Egerton & Malac, 2005) to the energy loss
spectrum which is implemented in the Digital Micrograph
software.
Results
Changing the defocus away from its optimum value given
by Haider (2000) qualitatively results in loss of contrast ul-
timately leading to the loss of spatial resolution (Kuramochi
et al., 2009).
This behaviour is summarized in Figure 1 where in the left
panel simulated HAADF images of a Si area with the width of
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Fig. 2. Standard deviation of the HAADF intensity (STDI) of simulated images with respect to the used defocus for a sample thickness of 10 nm (black)
and 20 nm (red) (A). Please note that the y axis is in units of 10−3. The FWHM of the curves increases with the sample thickness (B). Above a minimum
thickness tmin the FWHM exhibits a linear behaviour. Taking into account CC, the maximum of the standard deviation is quenched (CC = 0.5 mm; (C))
and CC = 1.5 mm; (D)) and tmin is increased.
one unit cell and a thickness of approximately 10 nm (18 unit
cells) inelectronbeamdirectionare shownfordifferentdefocus
values. The intensity scale is kept constant for all images and is
chosen according to the dynamic range of Figure 1(C), that is,
the imagewith thehighest contrast. The right panel illustrates
the position of the focus with respect to the optimum focus fopt
for each simulation. The depicted images in Figure 1 serve as
examples, all conclusions drawn in the following are based on
the whole dataset consisting of 80 individual simulations for
defocus values from−65 nm to 15 nm for sample thicknesses
up to 50 nm. At the optimum defocus value (Fig. 1(C)) the im-
age exhibits the maximum contrast as the HAADF intensity
is high on the atomic columns and small in the background
between the columns. By changing the defocus by 10 nm in
positive (Fig. 1(A)) or negative (Fig. 1(E)) direction the in-
tensity on the atomic columns decreases drastically whereas
the mean intensity remains constant, finally resulting in the
vanishing of the contrast.
A good measure to quantify this behaviour is the standard
deviation of the intensity (STDI) of the simulated image. It is
worth noting that the image contrast, given by (Imax − Imin)/
(2Imean), is an adequate measure as well. The terms Imax and
Imin denote the maximum and minimum image intensity, re-
spectively,and Imean is themean image intensity.Nevertheless,
the standard deviation of the image intensity is less sensitive
to experimental noise. The STDI of the simulated defocus se-
ries of the 10 nm thick sample are drawn as black data points
versus the defocus values in Figure 2(A). The STDI exhibits
a pronounced maximum at the optimum defocus and drops
to a background value for higher or lower values. The hor-
izontal black line represents the FWHM of the curve and is
just a guide to the eye. In the following, the actual FWHM
values were derived by fitting a Gaussian to the data. The cor-
responding graph for a sample twice as thick, that is, 20 nm, is
shown with red dots. The shape of the curve is more complex
compared to the one of the 10 nm thick sample, that is, the
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maximum is no longer symmetric around the optimum focus.
As the shape of the electron probe is nearly symmetric with
respect to the defocus for small aberrations, we attribute this
behaviour to the propagation of the beam through the sample.
However, the most notable difference between the graphs for
the two different thicknesses is the increase in FWHM. This
means the defocus can be changed over a wider range, still re-
taining image contrast. Roughly speaking, as long as the focus
is inside the sample the image will appear sharp. If the focus
is outside of the sample the image will blur. To verify this,
the determined FWHM values are drawn as red data points
versus the thickness of the simulated samples in Figure 2(B).
For samples with thicknesses below a minimum tmin the de-
termined FWHM value remains constant. This is when the
sample thickness is smaller than zDOF, which is 7.4 nm here
(Eq. 1). In this region, the change of the image with defocus
is mainly due to the shape of the probe and not due to the
sample. Above this minimum thickness, the FWHM increases
monotonicallywith the sample thickness. The fitted curve (red
line in Fig. 2(B)) has a slope of 1.037± 0.00623, so the width
is directly proportional to the sample thickness. Therefore, the
local sample thickness can be determined by evaluating the
standard deviation of the intensity of a defocus series.
For actual electron microscopes, chromatic aberration has
to be consideredwhich significantly influences theHAADF in-
tensity and quenches the contrast in real images (Kuramochi
et al., 2009; Dwyer et al., 2012). In a defocus series, a finite CC
causes that the set defocus is not distinct but is smeared out.
This is usually described by a Gaussian with a FWHM zCC,
given by (Eq. 2), centred around the set defocus (Kuramochi
et al., 2009). To model the effect of the chromatic aberra-
tion, simulated images within a defocus range depending on
zCC were summed up. The contribution of each individual
image was weighted according to a Gaussian function. The
dependence of the standard deviation of the image intensity
on the defocus for CC = 0.5 mm (zCC = 2.5 nm) and CC =
1.5 nm (zCC = 7.5 nm) is shown in Figures 2(C) and (D),
respectively. Comparing these graphs to the one without CC
(Fig. 2(A)) it becomes obvious that themaximum is quenched,
reflecting the loss of image contrast due to chromatic aberra-
tion (Kuramochi et al., 2009; Dwyer et al., 2012). Moreover,
the curves smear out,while the effect ismuchmore prominent
for the thinner sample, resulting in a larger FWHMvalue. The
determined FWHMvalues of the curves for all simulated thick-
nesses are drawn in Figure 2(B). It is visible that tmin increases
with increasing CC. Its value is given by (zDOF + zCC) 12 .
Before we apply this method to a real sample we will briefly
discuss its inherent limitations and advantages. The biggest
disadvantage compared to other methods is that it is limited
to crystalline samples in zone axis geometry as it is based on
the systematic loss of contrast. The spatial resolution is lat-
erally in the angstrom range as an image of a few atomic
columns is necessary to quantify the loss of contrast. As al-
ready stated above the minimum thickness tmin which can be
determined accurately is given by the size of the used aperture
when chromatic aberration is neglected. Following Eq. (1), a
semiconvergenceangleof65mradwouldbeneeded toachieve
a tmin of 1 nm. Due to the correction of higher order aberra-
tions in the current generation of instruments values above
40mrad are already reported (Sawada et al., 2014). However,
the preparation of such thin specimens is not trivial (Voyles
et al., 2003). When a finite CC is taken into account, the min-
imum determinable thickness is significantly increased. For
the parameters of the used JEOL JEM-2200 FS, zDOF is 7.4
nm and zCC is 7.5 nm, accordingly the minimum sample
thickness which can bemeasured is around 11 nm. However,
themaximummeasurable thickness tmax is determined by the
loss of contrast in thick samples. Here effects likemultiple scat-
tering, absorption and beam broadening lead to an additional
loss of intensity on the columns which will influence the stan-
dard deviation of an experimental image and quench the effect
of changing the defocus. Therefore, tmax also depends on the
studied sample material.
Experimental defocus series of Si in a [010] projection were
acquired to prove the applicability of the introduced method.
The zone axis was aligned very carefully utilizing the CBED
pattern on the CCD camera, to avoid an unintentional tilt of
thecrystal.Asobserved, forexample, inYamazakietal. (2002),
small object tilts can result in an intensity difference between
atomic columns of a silicon dumbbell in [110] projection. As
this effect is caused by an asymmetry of the probe tails we
think this effect is minor in the used CS-corrected microscope.
Moreover, the effect shouldbeeven less prominent in the [010]
projection investigated in this study, as the separation of the
atomic columns is bigger.
The sample thickness at the region of the defocus series
was also measured using established methods, that is, the
comparisonof themeasuredHAADF intensitywith simulation
(Rosenauer et al., 2009) and EELS (Egerton & Malac, 2005).
Therefore, in Figure 3(A), the simulated HAADF intensity
of Si averaged across one unit cell is drawn versus the sample
thickness. The mean intensity of the 30 experimental images
is (1.05 ± 0.002)% of the impinging beam which leads to a
local thickness tHAADF of (24.5 ± 0.5) nm. The correspond-
ing EELS spectrum acquired in the same region is shown in
Figure3(B).Applying theKramers–Kronigmethod (Egerton&
Malac, 2005), a thickness tEELS of (36.4 ± 3) nmwas derived.
Both methods confirm that the region has a thickness above
the expected tmin of 15 nm therefore the thickness should be
measureable via a defocus series.
Exemplary sections of images from the acquired experimen-
tal defocus series are shown in Figures 4(A)–(E). The actual
acquired images have a larger field of view of around (5 ×
5) nm2 sampled by (512 × 512) pixels. A region of only (80
× 80) pixels is shown in Figure 4 to increase the visibility of
the decisive image features. In analogy to the simulated data
(Figs. 1(A)–(E)) the intensity scale is adjusted according to the
image with the highest contrast, that is, Figure 4(C). Like the
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Fig. 3. Simulated HAADF intensity in dependence of the sample thickness (A). The dotted line represents the measured intensity in the region of interest
(1.05%) and the deduced thickness (24.5nm). Low loss EELS spectrumof the same region (B). Evaluation according toKramers–Kronig sum rule (Egerton
&Malac, 2005) leads to a thickness of 36 nm.
corresponding simulated data the experimental images show
the expected behaviour, that is, the loss of contrast at high
defocus values. The dependence of the measured standard de-
viation of the intensity on the defocus is shown as black curve
in Figure 4(K). For better comparability the axes were chosen
on the same scale as the simulated data (Fig. 2).
As expected, the graph exhibits amaximumat the optimum
defocus value. Compared to the corresponding graph derived
from the simulated data (Fig. 2(A)) the asymmetric shape is re-
sembled very well, whereas the maximum is less pronounced
which reflects the worse signal-to-noise ratio compared to the
simulation. Moreover, the minimum value of the standard
deviation is not zero due to the presence of additional experi-
mental noise. This noise is in the range of 10−3 and is of the
same order of magnitude as the investigated change of STDI
when changing the defocus. Therefore the evaluation is de-
teriorated. To increase the signal-to-noise ratio and facilitate
the evaluation, the experimental data were treated according
to the procedure described in the following.
The individual atomic columns in the image were detected
with the help of the Peak Pairs software (Galindo et al., 2007).
With an in house written Matlab code a region around each
peak was defined. In this example, a width of (80 × 80) pixels
was chosen. Afterwards the intensities of the corresponding
pixels in each regionwere summedupanddividedby thenum-
ber of regions,which is 894here. From this follows a represen-
tative averaged region with highly increased signal-to-noise
ratio. The atom positions were found in the image exhibiting
the highest contrast and were retained for the remaining im-
ages. In this way still corresponding parts of the crystal were
summed up and the signal-to-noise ratio can be increased
drastically, even if the sample is drifting in between images.
This becomes obvious when comparing the unprocessed de-
focus series (Figs. 4(A)–(E)) to the corresponding processed
images (Figs. 4(F)–(J)). Due to the improved contrast even at
defoci far away from the optimum as in Figures 4(H), (F) and
(J), theatomiccolumnsbecomevisible in theprocessed images.
The standard deviation of the image intensity of the processed
images with respect to the defocus is drawn as red curve in
Figure 4(K). We decided to apply this averaging method be-
cause themore straight-forward lowpass filtermay artificially
influence the contrast within an image and therefore interfere
with the subsequent evaluation,whereas our approach leaves
the contrast unaffected. For comparison the STDI graph de-
rived from the low pass filtered series is drawn as green curve
in Figure 4(K). The averaging procedure decreased the noise
level so drastically, that a wide range of defoci can be evalu-
ated now. The asymmetric shape of the curve becomes even
clearer from the averaged data (red curve). The determined
width of the curve is 26 nm. Following the conclusions drawn
from Figure 2(D), the local sample thickness is 27 nm. The
maximum value of the experimental defocus curve is still re-
duced in comparison to the simulated data as the contrast is
still worse in the experiment, presumably due to the presence
of residual aberrations or a finite source size neglected in the
simulation. Therefore, to finally compare simulation and ex-
periment both were normalized to their respective maximum
and are drawn in Figure 4(L). The agreement between the
experimental (red line) and the simulated curve (black line)
derived for a sample thickness of 27 nm and a CC of 1.5 mm is
very good. The thicknesses derived from the defocus series is
in very good agreement with the value fromHAADF intensity
whereas there is a notable deviation from the value derived
from the EELS measurement.
There are several possible reasons for the small discrepancy
between the thickness values derived by the different meth-
ods. The defocus series is rather insensitive to any amorphous
layers introduced by the FIB preparation whereas HAADF
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Fig. 4. Sections of experimental defocus series (A)–(E). The signal-to-noise ratio is significantly increased by an averaging procedure (F)–(J). The
dependence of the STDI on the defocus for the unprocessed (black curve), the low pass filtered (green curve) and the averaged data (red curve) is shown
in (K). Please note that the y axis is in units of 10−3. The averaged experimental data (red curve) are compared to the simulated data (black curve) in (L).
Both datasets were normalized to their respective maximum.
intensity and in particular the EELS signal will be significantly
influenced by the presence of additional non crystalline mate-
rial. This may be the reason why the thickness value derived
by EELS is higher as the value derived from the defocus se-
ries. As the defocusmethod relies on the acquisition of a series
of images it is particularly sensitive to drift. Whereas drift in
x- or y-direction is negligible if the sample is periodic, drift in
z-direction leads to an unintentional change in defocus and a
subsequent error in thickness determination. Tominimize the
effect of mechanical drift, the measurement was not acquired
directly after the insertion of the holder and the stage was al-
lowed to settle for several minutes before each measurement.
Inadditionthesamplingandthedwell timewerereduced toac-
quire a full series in less than 3 minutes. Supplementary time
dependent focus measurements utilizing the CEOS software
verify that the focus change over 3 minutes is below 5 nm.
Although the presentedmethod is limited to crystallinema-
terial in zoneaxis, it is very suitable toaccompanyquantitative
high-resolution HAADF STEM, because of its accuracy and
spatial resolution. Moreover, it is especially suitable for sam-
ple thicknesses investigated in HRSTEM in contrast to CBED
which usually is more accurate at thicker samples (Buxton
et al., 1976; Eades, 1986). Furthermore the presentedmethod
profits fromhigh semiconvergence angleswhichhandicap the
application of PACBED due to the complicated overlapping of
discs. The presumably biggest advantage is its simplicity as it
does not involve time consuming simulations. It only requires
an experimental focal series and the calibration of the focus
stepof themicroscope.Theproposedmethod isalsocompatible
with the one proposed by Grillo and Carlino, with which com-
plementary evaluation could be done in the Fourier domain.
Moreover, it is worth noting that the sample thickness is not
the only quantity retrievable from such defocus series. With
moreadvancedevaluationaccompaniedbyadditional simula-
tionevenmorevaluable informationon the three-dimensional
structure of a sample may be gained. With a well-known
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sample, the problem might as well be inverted and a defo-
cus series may be used to investigate the used electron probe
and determine unknownmicroscope parameters.
Conclusions
This paper shows the benefit of defocus series in STEM via the
example of sample thickness determination. High-resolution
STEM images systematically blur when changing the defo-
cus away from its optimum value. The thicker the samples
the larger is the range of defoci, in which the image remains
sharp. The standard deviation of the intensity can be used to
quantify this behaviour. The standard deviation shows a peak
around the optimum defocus and the FWHM of this peak is
directly proportional to the sample thickness. Accordingly by
evaluating an experimental defocus series it is possible to de-
rive the local sample thickness with very high accuracy. The
determined thickness values are in good agreement to those
of other established techniques.
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• R. Straubinger, A. Beyer and K. Volz. A setup for environmental in situ observation of
III-V semiconductors at atomic resolution conditions. IAM Nano, 2015, contributed
poster.
• R. Straubinger, A. Beyer, L. Duschek, T. Wegele, W. Stolz and K. Volz. In
situ observation of annealing effects in Ga(N,As,P) multi quantum well structures.
Microscopy & Microanalysis, 2015, contributed poster.
• R. Straubinger, M. Widemann, A. Beyer, W. Stolz and K. Volz. In Situ TEM
Investigations of III/V Semiconductor Materials in the Required Environment.
Microscopy Conference, 2017, contributed poster.
• R. Straubinger, M. Widemann, A. Beyer and K. Volz. Metal organic vapor phase
epitaxy inside a TEM under atomic resolution conditions. Protochips Users Group
Meeting, 2018, contributed talk.
CHAPTER 9
Zusammenfassung und Ausblick
In diesem Kapitel werden die benötigten Modifikationen aufgeführt, um GruppeV stabil-
isierte Experimente in einem Transmissionselektronenmikroskop (TEM) durchführen zu
können. Weiter werden die mit diesem System gewonnenen Ergebnisse kurz zusammenge-
fasst.
Um die Möglichkeit zu schaffen, in das von Protochips Inc. entwickelte in situ System
toxische und luftentzündliche Precursor Gase einzuleiten, und damit GruppeV stabilisierte
Experimente durchführen zu können, ist es nötig, einige weitreichende Modifikationen
vorzunehmen. Um die sichere Lagerung und den reibungsfreien Transport der Precursor
Gase zum manifold zu gewährleisten, wurde das bestehende System um einen Gasschrank
erweitert. Um jegliche Kontamination der Leitungen durch Sauerstoff zu vermeiden und
um sicherzustellen, dass sich die Precursor Gase nicht in der Raumluft ausbreiten, bilden
die beiden Systeme eine geschlossene Einheit, in der hoch reiner N2 als Träger- und
Reinigungsgas benutzt wird. Falls nötig, besteht die Möglichkeit, pures Ar oder ein
ArH2 (4% H2) Gemisch als Träger- und Reinigungsgas zu benutzen. Der Gasschrank
besitzt jeweils drei Anschlussmöglichkeiten für Gruppe III und GruppeV Precursor Gase.
Diese Anschlüsse können, falls nötig, auch für Gasflaschen genutzt werden um weitere
Träger- und Reinigungsgase ins System einzuleiten. Soweit wie möglich wurden alle
Verbindungen im Gasschrank geschweißt. An Stellen, an denen dies nicht möglich war,
wurde die sichere Verbindung mittels vacuum coupling radiation (VCR) Metalldichtungen
mit Silberbeschichtung hergestellt. Um sicherzustellen, dass keinerlei giftige Gase über
die Abgasanlage in die Umwelt entweichen können, wird das Abgas mithilfe eines mini
Absorber gereinigt. Um den Brandschutzverordnungen genüge zu tragen, erfüllt der
Gasschrank DIN 12925. Das bedeutet, dass er feuerfest ist und sich alle Öffnungen im
Falle eines Brandes automatisch schließen. Des Weiteren werden alle Räume, in denen
sich Teile des Aufbaus befinden, durch Gassensoren überwacht.
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Die atomar aufgelöste in situ Untersuchung von single kristallinen Proben, die mittels
metal organic vapor phase epitaxy (MOVPE) gewachsen wurden, eröffnet viele neue
Möglichkeiten. Da momentan gängige in situ Halter nur um eine Achse kippbar sind, muss
die Präparation und Positionierung der focussed ion beam (FIB) Lamelle jedoch so erfolgen,
dass die vorab gewählte Zonenachse perfekt parallel zum Strahlengang des Mikroskops
ausgerichtet wird. Dies zu bewerkstelligen war ein Teil dieser Arbeit. Dabei wurde der
elektronentransparente Teil der FIB Lamella so präpariert, dass er perfekt senkrecht zur
ausgewählten Zonenachse ist und zudem von drei Seiten von dickerem Material stabilisiert
ist. Diese Stabilisierung verhindert, dass sich der elektronentransparente Teil der FIB
Lamella unter Einfluss von Hitze verbiegt. In einer ersten Studie wurde die Funktionalität
der Präparationstechnik bestätigt.
Nachdem sich die entwickelte Präparationstechnik als Erfolg erwiesen hat, wurde in
zwei weiteren Heizexperimenten die Funktionalität der Precursor Gas Einbringung in
die in situ Zelle getestet. Hierfür wurde eine Ga(N,As,P) Probe einmal ohne GruppeV
Stabilisierung und einmal mit GruppeV Stabilisierung thermisch geheizt, und die beiden
Serien anschließend miteinander verglichen. Während die Probe, die in einer GruppeV
stabilisierenden Tertiarybutylphosphine (TBP) atmosphere geheizt wurde, bis zu einer
Temperatur von ca. 500 ◦C keinerlei Beschädigung zeigte, begann sich die ohne Stabil-
isierung geheizte Vergleichsprobe schon bei ca. 300 ◦C aufzulösen. Im weiteren Verlauf
dieser Untersuchung wurde noch über die Dickenänderung der Probe die Abdampfrate
von P in Abhängigkeit der Temperatur und des TBP Drucks bestimmt und abschließend
die Diffusion von As aus der Ga(N,As,P) Schicht in das umgebende GaP ermittelt. Die
dadurch gewonnenen Messdaten ermöglichten es, eine Aktivierungsenergie (EA) für P in
Abhängigkeit der Stabilisierung zu errechnen.
Mit Hilfe von Untersuchungen an Ga(P,Bi) Strukturen mit unterschiedlichen Bi An-
teilen sollte die Initialisierungstemperatur, ab welcher das vorhandene Bi anfängt, sich zu
akkumulieren, ermittelt werden. Dank der vorausgegangenen Erkenntnisse bezüglich der
GruppeV Stabilisierung konnte der Einfluss von P desorption im untersuchten Temper-
aturbereich ausgeschlossen werden. Somit war es möglich, den dynamischen Prozess der
Bi Akkumulation in situ zu beobachten.
Zusätzlich zu den Gruppe V stabilisierten Heizexperimenten wurde im Rahmen dieser
Arbeit auch das Wachstum von GaP auf Si untersucht. Für diese Experimente dienten
facettierte Si Nanopartikel als Si Substrat. Durch das thermische Ausheizen der Par-
tikel bei 1000 ◦C in einem ArSiH4 (4%SiH4) Gemisch war es möglich, den amorphen
SiOx Mantel um den kristallinen Kern der Partikel zu entfernen. Diese ersten Ergebnisse
bestätigen die Vermutung, dass eine Untersuchung von GaP Wachstum auf Si in situ unter
hoch aufgelösten Bedingungen möglich sein muss. Gleichwohl benötigt es noch weitere
Untersuchungen bezüglich der Wachstumsparameter um dies zu bewerkstelligen.
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9.1 Ausblick
Der Fokus dieser Arbeit besteht darin, das Fundament für ein neues in situ Forschungsfeld
an III/V Halbleitermaterialien zu ebnen. Mit der entwickelten Anlage ist es möglich,
MOVPE Prozesse zu untersuchen, ohne dabei die Zerstörung der Probe durch GruppeV
Desorption berücksichtigen zu müssen.
Jedoch stellen die hier gezeigten in situ Heizexperimente erst den Anfang dar und
kratzen nur an der Oberfläche dessen, was mit dieser Technik möglich ist. In zukünftigen
Untersuchungen sollte es möglich sein, Diffusionsprozesse auf atomarer Ebene zu unter-
suchen. Des Weiteren könnte bei zunehmender Verfeinerung der Präparationstechnik die
Möglichkeit bestehen, eine Versetzung im Kristall so im elektronentransparenten Teil der
Lamelle zu platzieren, dass anschließend in situ Untersuchungen der dynamischen Prozesse
dieser Versetzung in Abhängigkeit der Temperatur und der Stabilisierung möglich sind.
Ein anderes Themenfeld ist die hoch/atomar aufgelöste Untersuchung von Kristallwachs-
tum in situ im TEM. Erste Untersuchungen, die im Abschnitt 6.4 dieser Arbeit aufgeführt
sind, haben gezeigt, dass es möglich ist, GaP in situ im TEM auf Si aufwachsen zu lassen.
Um jedoch kontrolliert Kristallwachstum im Mikroskop demonstrieren zu können, müssen
noch viele offenen Fragen, wie z.B. der Precursor Druck, die exakte Temperatur und die
Substrat Präparation, innerhalb der Zelle geklärt werden.
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